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Cities face several risks that jeopardize their adaptability as the effects of climate change and 
urbanization on our ecosystems intensify. Recognizing the potentially disastrous outcomes of 
inaction, local governments and organizations are developing climate-adaptive strategies to 
preserve and restore our ecosystems sustainably. Stream daylighting, an example of Nature-
based solutions (NbS), has the potential to provide long-term solutions to climate change while 
also providing numerous health, cultural, and recreational benefits to humans. Despite the 
numerous benefits of stream daylighting, limited research exists on how or if stream daylighting 
can boost urban form resilience.  
As a first step towards filling this knowledge gap, this study takes an experimental case study 
approach to analyze the impacts of stream daylighting on the urban form to enhance climate 
resilience in the City of Zürich following the implementation of ‘Bachkonzept’ or ‘stream 
concept’. As such, this study examines the urban form of three daylighted districts in Zürich 
using spatial statistical tools and readily available open data sources. 
The emphasis is on feature-based urban form attributes that drew empirical connections between 
Kevin Lynch’s ‘fit’ dimension of Good City Form and Ian McHarg’s concept of ‘ecological 
determinism’ or ‘fitting’ to judge the district’s climate performance. Urban form attributes such 
as compactness, population and employment density, diversity of land uses and lot sizes, and the 
spatial arrangement and distribution of urban open spaces are examined and analyzed.  
 
iv 
The empirical evidence from this research supports the theory that stream daylighting, when 
perceived as a city-wide policy, paves the way for a highly manipulable, resilient, and adaptable 
urban form. The findings from this research show that the urban form in the areas surrounding 
daylighted sections of the stream support moderate levels of density along with an appropriate 
mix of land uses and a good supply of urban open space. These conclusions strengthen the notion 
that stream daylighting, as a Nature-based solution, holds a lot of potential in enhancing the 
overall urban resilience in a city, in addition to bringing nature back into dense urban 
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Chapter 1: Introduction 
1.1 Background 
Urbanization, a megatrend of the 21st century, is a global phenomenon that is rapidly 
transforming our cities (Seto et al., 2014). Cities and urban areas are complex human-natural 
systems, and when humans alter natural landscapes, the dynamics of ecosystems change. This 
endangers our ecosystems by causing habitat fragmentation, isolation and degradation, 
homogenized species composition, and disrupted hydrological flows and nutrient cycles, to name 
a few (Alberti & Marzluff, 2004).  
Urbanization affects ecosystems and their associated services by increasing impervious surface 
areas, affecting both geomorphological and hydrological processes (Leopold 1968, Arnold and 
Gibbons 1996; Alberti, 2008). Ecosystem services are the various benefits that humans receive 
from the environment like provisioning services (e.g., food, water, and materials), regulating 
services (e.g., climate regulation, disease regulation, water purification), supporting services 
(e.g., soil formation, nutrient cycling), and cultural services (e.g., recreation, education, and 
social relations) (Reid et al., 2005). Globally, 60% of ecosystem services are being degraded or 
used unsustainably, resulting in a substantial and irreversible loss of biodiversity (MEA, 2005). 
Resilience, a polysemic concept, is frequently used as an organizing guideline to assist planners 
and decision-makers in determining how cities can thrive in the face of shocks and external 
pressures. Moreover, one of the avenues through which planners make mediations into the urban 
system is through physical city form (Sharifi, 2019). Urban resilience is defined as “the ability of 
an urban system-and all its constituent socio-ecological and socio-technical networks across 
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temporal and spatial scales- to maintain or rapidly return to desired functions in the face of a 
disturbance, to adapt to change, and to quickly transform systems that limit current or future 
adaptive capacity” (Meerow et al., 2016, p.39). Designing urban form patterns to achieve 
resilient cities is now increasingly recognized (Creutzig et al., 2016; Gleeson, 2012; Sharifi, 
2019). This increasing awareness to build resilience emphasizes the need to improve urban form 
and growth patterns to better respond to climatic challenges, providing a significant opportunity 
for urban areas to build their adaptive capacities. Assessing and monitoring these urban form 
patterns to achieve sustainable urban growth is recognized as one of the most important 
challenges for researchers, planners, and decision-makers (Yildiz & Doker, 2016). It is a 
complex process given the multitude of variables involved in analyzing resilient urban forms in 
rapidly urbanizing cities.  
Rapid urbanization coupled with the implications of climate change brought the concept of 
resilience through the lens of urban morphology to the forefront in urban planning and design 
(Pickett, Cadenasso, & Brian, 2013; Feliciotti, Romice, & Porta, 2018). Urban morphology is the 
study of urban form and the corresponding processes of formation and transformation (Kropf, 
2017). Oliviera (2016, p.2) defines urban morphology as “the study of urban forms, and of the 
agents and processes responsible for their transformation, and that urban form refers to the main 
physical elements that structure and shape the city”. Urban morphology ties the physical form of 
a place to other attributes of a place like land use, pedestrian activity, and social hierarchies. 
Urban morphology is recognized as an effective strategy to analyze the city’s physical form 
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relative to its natural and cultural context (Muratori, 1959; Whitehand, 1981; Vernez Moudon, 
1994; Pattacini, 2012).  
There are several ways to achieve resilient urban form (see Dhar and Khirfan, 2017). One such 
method is ‘harmony with nature’, meaning the coherence of nature and urban forms to enhance 
resilience. Objectively, ‘harmony with nature’ can be operationalized using Nature-based 
solutions (NbS). NbS has emerged as a concept for integrating ecosystem-based approaches to 
address a range of societal challenges, directly contributing to increased urban resilience (Bush 
and Doyon, 2019). NbS is defined as “actions which are inspired by, supported by or copied 
from nature” (European Commission, 2015, p.4). Notably, NbS emerged as an umbrella term for 
concepts like ecosystem-based adaptation, green infrastructure, and ecosystem services (Pauleit 
et al., 2017). In recent years, NbS is increasingly recognized as a strategy to build adaptive 
capacity and urban resilience while supporting biodiversity (Kabisch et al., 2016).  
One such example of NbS is ‘stream daylighting’ or ‘deculverting’ (Wild, Dempsey and 
Broadhead, 2019). Stream daylighting is “the practice of removing streams from buried 
conditions and exposing them to the Earth’s surface in order to directly or indirectly enhance the 
ecological, economic, and/or socio-cultural wellbeing of a region and its inhabitants” (Khirfan, 
Peck, & Mohtat, 2020b, p.1). Improved provisioning of ecosystem services, better social 
amenities, and other environmental, economic, and social factors serve as critical drivers to 
stream daylighting. In addition to increased economic benefits through revitalized 
neighbourhood design and increased property value, daylighting also offers a number of 
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ecosystem services, such as provisioning services (e.g., fresh water, food, habitat improvement), 
regulating services (e.g., flood mitigation, reduced run-off velocity, enhanced sewage treatment), 
cultural services (e.g., recreational opportunities, education and play opportunities for children), 
and supporting services (e.g., primary production and nutrient cycling) (Pinkham, 2000; Wild, 
Bernet, Westling, & Lerner, 2011). In addition to supporting and managing water systems, 
daylighting also holds a valuable potential in adapting to climate change by coping with excess 
rainwater runoff and reducing the urban heat island effect (Khirfan, Mohtat, & Peck, 2020b). 
Khirfan et al. (2020b) carried out an extensive content analysis of the literature on stream 
daylighting and identified that empirical research rarely connected stream daylighting, built form 
and urban design. Moreover, the practice of daylighting is an intervention that affects land uses, 
and hence there is an urgent need to build empirical connections between daylighting and urban 
form (ibid). Accordingly, this urgency and the need to tackle daylighting as an NbS, and Khirfan 
et al.’s (2020b) call for the need for research that makes connections between stream daylighting 
and urban from is the foundation on which this research is built.  
In this research, I draw upon the performance dimensions of urban form as identified by Kevin 
Lynch (1981) in his ‘A Theory of Good City Form’ to assess whether (or not) stream daylighting 
enhanced the resilience of urban form in Zürich. This research takes a case study approach of the 
‘Bachkonzept’ or ‘stream concept’ devised by the City of Zürich to explore empirical 
connections between the resilience of urban form and stream daylighting using Geographical 
Information System (GIS) and spatial statistical analysis. 
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1.2  Research objectives and questions 
Considering the urgent need for the analysis of urban form with respect to stream daylighting, 
the main objectives of this research are to explore the relationship between urban form and 
stream daylighting in improving the city’s overall climate resilience. This research provides a 
quantitative methodology for assessing the climate performance of urban form surrounding 
stream daylighted areas in the city of Zürich, Switzerland, the districts 3, 9 and 11, which are 
identified as the districts that have more than 1000m of stream daylighted within the district’s 
urban fabric. Following this, the key question this study aims to answer is:  
How do the characteristics of urban form differ between daylighted and culverted 
sections of the stream? Can daylighting be used as a stimulus to enhance the 
urban resilience of the built environment in daylighted cities? 
The overarching hypothesis for this research is that daylighting, when implemented in a 
systematic method (i.e., by city-wide policy measures), paves the way for a highly resilient 
environment to cope with climatic uncertainties. Urban form indicators such as density, 
diversity, and the spatial arrangement and distribution of urban open spaces are used to assess the 
spatial changes, and judge the climate performance. The indicators are selected based on 
empirical studies that drew connections between these feature-based urban form attributes that 




This methodology forms the core of this thesis and can be used for similar studies to evaluate the 
climate performance of the urban form. Specifically, by empirically testing the indicators of the 
built form and urban open space, this study aims to apply these indicators to the case of stream 
daylighting in the city of Zürich to explore the relationship between urban form and stream 
daylighting in enhancing the city’s overall urban resilience and how these can inform planning 
policy and design considerations for stream daylighting. 
1.3 Thesis structure 
This thesis is organized into five chapters that are structured around key stages such as 
introduction (Chapter 1), literature review (Chapter 2), methods (Chapter 3), data analysis and 
results (Chapter 4), and conclusion and future directions (Chapter 5). The first chapter provides a 
research summary, including the broad research context, the research aim, objectives, and 
significance as well as an outline of the thesis structure. Chapter 2 examines the theories of 
physical city form and urban resilience in relation to NbS, and the claims and evidence that 
support them. It draws empirical connections with the theories to judge the urban form’s climate 
performance. Chapter 3 presents the research methodology and the overall approach to the 
research. It details the background and study area of the chosen case study and the range of 
analyses undertaken to investigate the relationship between the variables and indicators. Chapter 
4 presents the analysis of the indicators and presents the findings of this research. Chapter 5 
summarizes the research’s overall findings with reference to research aims and objectives.  
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Chapter 2: Reviewing the Literature 
This chapter addresses the three broad categories of this research, namely, resilience, nature-
based solutions, and resilient urban form. The literature review aims to draw parallels between 
theoretical and empirical framing, and in turn, arrive at specific indicators and variables 
necessary for assessing urban form to enhance resilience. 
2.1 Urban Resilience discourse 
Resilience, a concept with multiple meanings, has recently exploded in academic and policy 
discourse (Brown, 2013; Cascio, 2009; Meerow & Newell, 2015; Meerow et al., 2016). Urban 
resilience is “the ability of an urban system- and all its constituent socio-ecological and socio-
technical networks across temporal and spatial scales- to maintain or rapidly return to desired 
functions in the face of a disturbance, to adapt to change, and to quickly transform systems that 
limit current or future adaptive capacity” (Meerow et al., 2016, p.39). This definition of urban 
resilience offers three dynamic pathways to urban resilience, namely, persistence, 
transformation, and transition/ adaptation, while advocating general adaptability and recognizing 
the importance of temporal and spatial scales.  
Resilient systems also hold the potential “to create opportunities for doing new things, for 
innovation, and for development” while also responding to climatic uncertainties (Folke, 2006, p. 
253; Dhar & Khirfan, 2017). Davoudi et al (2013) agree with Swanstorm’s (2008, p.2) statement 
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that resilience is a conceptual framework that intrigues us to think about climate change 
adaptation in a more dynamic and holistic way.  
As a result of climate change, people, societies, economic sectors, and ecosystems are all at risk. 
IPCC (2014, p.36) defines risk as “the potential for consequences when something of value is at 
stake, and the outcome is uncertain, recognizing the diversity of values”. Hazards (i.e., extreme 
events triggered by climate change, such as severe storms, droughts, and sea-level rise), 
vulnerability (i.e., susceptibility to change), and exposure of people, assets or ecosystems to 
those hazards are the major factors that contribute to increased risk from climate change. While 
hazards can range from brief events to long-term trends, vulnerability and exposure are affected 
by socio-economic processes that increase or decrease risks depending on the development 
pathway (ibid). Thus, resilience is achieved by reducing these negative impacts of climate risk 
from the combination of hazards, vulnerability, and exposure.  
Planning scholars have mainly borrowed the concept of resilience from the field of ecology 
(Sharifi & Yamagata, 2018). The concept of resilience is increasingly used as an organizing 
principle to frame scientific and political discourses on cities (ibid). Above all, perhaps, the 
concept of resilience can be used to enhance the coping capacity of both existing and future 
developments, thereby assisting in their continued functioning. In planning literature, the 
emergence of resilience in relation to climate change adaptation emerged about two decades ago 
(Sharifi & Yamagata, 2018) and is deemed by many as a bridge between urban planning and 
climate adaptation (Davoudi et al., 2012; Dhar & Khirfan, 2017).  
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As identified by Dhar & Khirfan (2017), one of the types of resilience is evolutionary resilience, 
which is the ability of a system to ‘transform-forward’ while maintaining the ability to change. 
Evolutionary resilience broadens the scope to incorporate dynamic interplay between 
persistence, adaptability, and transformability across multiple scales and time frames in 
ecological systems (Davoudi et al., 2013; Davoudi, 2012).  
From a resilience perspective, cities are “complex, adaptive socio-ecological systems, consisting 
of internal structures and processes, which can be understood by their self-organization, 
emergent properties, non linear and unpredictable dynamics and patterns of abrupt change” 
(Costanza et al., 1993; from Davoudi, 2013, p.312). The city’s physical form is the primary 
medium through which planners and urban designers intervene in the urban system (Marcus and 
Colding, 2011; Feliciotti et al., 2017).  
The built environment, one of the major constituents that make up physical city form can 
positively contribute to sustainable development goals (Lucon et al., 2014). Meanwhile, it can 
also lock in negative or undesired trajectories due to their large life spans. It is acknowledged 
that urban form might as well be “the most tangible dimension of cities” nested within a 
framework of policies and regulations, with interactions among various actors and agents, as 
well as different values and cultures (Marcus and Colding, 2011). In order to avoid adverse lock-
in effects, it is critical to incorporate resilience thinking into urban form theories and methods 
(Feliciotti et al., 2017; Sharifi, 2019). Section 2.5 further details the importance of building the 
resilience of urban form to adapt to climate uncertainties.  
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2.2 Nature-based solutions (NbS) – context and association to urban resilience 
The European Commission (EC) understands Nature-based solutions (NbS) as “actions which 
are inspired by, supported by or copied from nature”, potentially “resilient to change” (EC, 2015, 
p.4). The EC (2015) identifies four primary goals that NbS can help address, and they are 
enhancing sustainable urbanization, restoring degraded ecosystems, developing climate change 
adaptation and mitigation, and improving risk management and resilience. It is also argued that 
NbS, among others, are also critical for urban regeneration, ecosystem restoration, and enhancing 
urban sustainability (ibid). 
Notable, NbS is considered an umbrella term to other concepts such as ecosystem-based 
adaptation (EbA), urban green infrastructure (UGI), and ecosystem services (ES) (Pauleit et al., 
2017). EbA is explicitly concerned with climate change adaptation through the use of nature, 
whereas UGI provides deliberate guidance for integrating NbS into urban landscapes by creating 
a multifunctional network of green spaces. Finally, ES refers to the benefits humans derive from 
urban nature. One of the primary outcomes of NbS is the delivery of ecosystem services in urban 
areas. These ecosystem services provided by NbS contributes to enhanced urban resilience by 
reducing the impacts of climate change in cities by acting as a buffer while also providing a wide 
range of functions benefiting humans and the cities they live in (Bush and Doyon, 2019; Kabisch 
et al., 2016). The concept of stream daylighting as an NbS is one of several that promote the 
preservation, enhancement, and restoration of biodiversity and ecosystems while addressing 
multiple concerns simultaneously (Kabisch et al., 2015). 
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Integrating NbS in urban landscapes offers multiple benefits related to climate change adaptation 
and mitigation (Barton and Grant 2006; Hartig et al., 2014). Some examples of NbS for climate 
adaptation include the provision of urban green spaces that support natural habitats to ameliorate 
the Urban Heat Island effect and provide buffer spaces to regulate air and water flows (Gill et al., 
2007; Bowler et al., 2010). In addition, NbS also have various climate mitigation benefits such as 
ecosystem regulation by decreasing air pollution, reducing atmospheric temperature and CO2 
emissions (Kabisch et al., 2016). While NbS directly addresses and contributes to increased 
urban resilience, the potential to mainstream NbS through incorporation into urban planning 
approaches is still being developed in research and practice (Bush and Doyon, 2019).  
UGI and NbS have shown to reduce local flooding, economic loss, and discomfort due to major 
storm events, but it is important to note that small-scale implementation of NbS has minimum 
impact on large-scale catastrophic rain events such as river flooding or intense cloud bursts 
(Emilsson and Sang, 2017). While there is literature that focuses on networks of NbS and Green-
Blue infrastructure (see Dushkova, 2020; Artmann, 2018), there is a need to incorporate multiple 
spatial scales to adapt to such extreme events for NbS to be an effective climate adaptation 
strategy. To this end, it is evident that NbS can provide highly sustainable solutions to various 
societal challenges and is deeply rooted in climate adaptation.   
2.3 Resilient urban form 
In the planning literature, the emergence of resilience in relation to climate change adaptation 
surfaced about two decades ago (Sharifi & Yamagata, 2018) and is deemed by many as a bridge 
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between urban planning and climate change adaptation (Davoudi et al., 2012; Dhar & Khirfan, 
2017). The physical form of the city is the main medium through which planners and urban 
designers make interventions to the urban system (Marcus and Colding, 2011; Feliciotti et al., 
2017). Accordingly, Oliviera (2016, p.2) defines urban morphology as “the study of urban forms, 
and of the agents and processes responsible for their transformation, and that urban form refers to 
the main physical elements that structure and shape the city”. Consistent with the definitions of 
‘resilience’ and ‘urban form’, ‘resilient urban form’ is the degree to which it can maintain 
functions of urban systems in the face of a disturbance, adapt to change, and transform urban 
systems to enhance the adaptive capacity. A resilient urban form, thus, enables the urban system 
to be transitional, transformational, and adaptable while also maintaining its integrity and 
functionality under constantly changing socio-economic and environmental conditions (Sharifi 
and Yamagata, 2018).  
The built environment, one of the major constituents of physical city form, can offer readily 
available opportunities to build the city’s adaptive capacities whilst positively contributing to 
sustainable development goals (Lucon et al., 2014). Meanwhile, it can also lock in negative or 
undesired trajectories due to their long-life spans. It is acknowledged that urban form might as 
well be “the most tangible dimension of cities” nested within a framework of policies and 
regulations, interactions among various actors and agents, as well as different values and cultures 
(Marcus and Colding, 2011).  
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2.4 Theoretical framing- ‘fit’ and ‘fitting’  
The urban form has the potential to manipulate the environmental, social, and economic 
dimensions of urban growth and development without affecting the autonomy of the cities 
(Bourdic, Salat, & Nowacki, 2012). This is especially critical considering the awareness of our 
ever-changing world coupled with the implications of climate change bringing the concept of 
resilience through the lens of urban morphology to the forefront in urban planning and design 
(Pickett et al., 2013; Feliciotti et al., 2018). 
This section of the literature review addresses the links of the three main concepts, namely, 
resilience, NbS, and climate change, to ‘fit’ (Lynch, 1981) and ‘fitting’ (McHarg, 1969). A 
theory of Good city form (Lynch, 1981) is a set of universal “rules” or normative theories that 
effectively strengthen the interrelationship between human activities, functions, and the city 
form. In contrast, Design with Nature (McHarg, 1969) aims to recognize the importance of 
ecology in landscapes by exploring spatial relationships between the built environment and the 
natural environment. Since the primary focus of this research is on the influence of daylighted 
streams on the built environment, the two theories (Lynch (1981) and McHarg (1969)), 
elaborated in the following section, inform the theoretical framework of this study.  
2.4.1 ‘Fit’- A theory of Good City Form 
Lynch’s (1981) A Theory of Good City Form aims to establish a comprehensive ‘normative 
theory’ that stems from the connections between human values and the physical city through five 
performance dimensions (see Figure 2.1). While each performance dimension can roughly be 
 
14 
associated with climate adaptation, Lynch defines “adaptability” as one of the measures of the 
‘fit’ dimension which is very similar to climate adaptability. In a real sense, ‘fit’ is dominated by 
the type of place and the breadth and amount of activities preferred and carried out (Lynch, 
1981). Lynch defines ‘Fit’ as the degree to which city form matches the behavioural patterns of 
its inhabitants, which can be enhanced by modification of the former or the latter. Human 
behaviour is varied, and adaptable spaces that are substantially designed to match basic human 
patterns render a good ‘fit’. In this sense, ‘fit’ resembles adaptability, whether through the 
adaptation of urban form to the changing climate or by acting as a mediator in adapting human 
behaviours to climate change (Khirfan, 2020). 
 
Figure 2.1 Summary of the performance dimensions (Lynch, 1981) 
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‘Fit’ is the ability of a form to adapt and withstand future changes in function. Lynch suggests 
that screening and “fine-tuning”, or in other words, “care and attention” of a place, is the key to 
good match or ‘fit’ (Lynch, 1981, p.161). Lynch identifies “adaptability” as one of fit’s measures 
that aligns with climate adaptability. This concept of adaptability for ‘fit’ complements the 
discussion of evolutionary resilience by Folke et al. (2010, p.25) that it broadens the description 
of Lynch’s dimension of ‘fit’ to incorporate dynamic interplay between persistence, adaptability, 
and transformability (Davoudi et al., 2013). For Lynch, the extent of adaptability extends not 
only to the sense of accommodating varying uses in a space but also to meet different 
expectations of prospective users in the future underscoring the ability to change in terms of 
either the physical form or function. He states, “Adaptability is a concern for all cultures. But the 
span of concern depends on cultural values and knowledge” (Lynch, 1981, p.170).  
A more restricted measure of adaptability is manipulability, which is the extent to which either 
the physical form or the function can be changed/manipulated in the predictable near future. 
Manipulability focuses on maintaining functions for the predictable near future. It is a measure 
of the degree of change that could be achieved under the limits of either changing functions or 
form. Manipulability, as a measure of ‘fit’, is also crucial in determining the number of new 
functions that can or can not be accommodated with appropriate levels of intensity. Another 
measure of ‘fit’ is reversibility or resilience. It is the ability of the system to go back to its 
previous state. Through this ability of “fine-tuning”, i.e., the ability to constantly make gradual 
changes, a user can achieve a better ‘fit’ in his/her environment (Lynch, 1981).  
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This dimension of ‘fit’, along with manipulability and resilience, is highly relevant to climate 
mitigation, adaptation, and resilience objectives as discussed in section 2.1 in a sense that they 
allow for “transformative” and “progressive” change while also promoting general adaptability.  
Therefore, these dimensions of ‘fit’ provide a theoretical base for understanding how the 
physical city form can be better adapted to changing conditions. However, this theory seldom 
touches on the environmental aspects/ spatial quantitative analysis and arrangement of the city 
form. In other words, this theory does not necessarily provide information on how the urban 
processes and natural environment can be better fitted to increase the overall resilience.  
2.4.2 Adding McHarg to the equation 
Complementing Lynch’s dimension of ‘fit’ for climate adaptation is Ian McHarg’s (1969) 
concept of ‘physiographic determinism’. The combination of these two theories captures the 
whole breadth of climate adaptation to include urban landscapes as a part of the whole equation. 
This completes Lynch’s framework and establishes a more holistic definition of resilient city 
form as a “learning ecology”. Figure 2.2 illustrates the theoretical framework of this study. 
In his book Design with Nature (1969), Ian McHarg recognizes the importance of natural 
ecosystems in urban landscapes by exploring relationships between the built environment and the 
natural environment, serving as an environmentally conscious approach to land use planning. 
Design with Nature (McHarg, 1969) focuses on the spatial relations between patterns of land use 
and urban morphology. This relation is bent on preserving the natural landscape and its 
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ecosystem functions, aligning with the overall concept of stream daylighting as an NbS to 
enhance urban resilience and climate adaptation.  
 
Figure 2.2 The three major concepts of investigation in the study 
McHarg (1969) states that there are two systems within any metropolitan region- the pattern of 
natural processes (preserved in urban open space), and the pattern of urban development. He 
defines ‘fitting’ as the match of the pattern of natural processes and the pattern of urban 
development and that this fitness must embrace both natural and artificial objects in the 
environment (ibid). The main concepts of importance from McHarg (1969) in this study that 
relates to urban form and natural processes are: (a) ‘Nature is a process’, comprising of the 
various biotic elements in their abiotic environments like physiography, hydrology, drainage, 
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climate, soil, vegetation, wildlife habitat, and land use, and (b) Physiographic/ Ecological 
determinism- the process of ‘fitting’ the natural features and ecological processes and services 
that benefit both humans and the ecosystem (McHarg, 1964, p. 24; McHarg, 1969, p. 57).   
This theory of ecological determinism, devised by McHarg, was a scientific settlement strategy 
to impede the existing model of planning as a mere promoter of real estate development and 
economic growth (Daniels, 2019). This concept of ecological ‘fitting’ and the ‘fit’ dimension by 
Lynch provides a necessary base for understanding city form as a whole, including the natural 
process to improve urban resilience.  
2.5 Urban form elements 
While the previous sections highlighted the literature discourse on resilience, NbS and climate 
change, this section highlights the importance of considering urban form as an important 
determining factor to achieve resilient urban development.  
However, to assess climate adaptation strategies further, it is vital to analyze the various 
elements responsible for promoting climate resilience. Urban form is composed of numerous 
interconnected and independent elements, and the complexity of interactions among those 
elements, as well as a series of spatio-temporal feedbacks, influence the resilience of urban form. 
This makes defining resilience for urban form a challenging task. Using feature-based urban 
form attributes to quantify climate adaptiveness (Sharifi, 2009) is regarded as a good indicator as 
it contains features that hold unique characteristics of city form. Table 2.1 extracted from Sharifi 
(2019) shows the major approaches for classifying the constituent elements of urban form. 
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Table 2.1 Major approaches for classifying urban form (Sharifi, 2019) 
Approach Elements Sources 
Perceptual ‘Paths’, ‘edges’, ‘districts’, ‘nodes’, and 
‘Landmarks’ 
(Lynch, 1960) 
Bipartite ‘Built environment’ and the ‘transport 
network’ 
(Silva, Oliveira, & 
Leal, 2017) 
Feature-based Density, diversity, connectivity, spatial 
distribution, design, and accessibility 
(Bourdic, Salat, & 
Nowacki, 2012; 









‘Structures’, ‘systems’, and ‘organisms’ (Caniggia & Maffei, 
2001; Kropf, 2014; 
Stangl, 2014) 
The internal texture of a settlement/ city holds a lot of information on the urban morphology and 
structure of the city. Lynch (1981, p.274) determined that three principal features define the 
internal texture of a city, namely, density, grain, and access and that by measuring these 
characteristics, its performance might be judged. Moreover, Alberti (1999a, 1999b), while 
investigating various impacts that specific urban patterns have on ecosystems, identifies density, 
connectivity, grain, and urban form as the urban parameters that determine the environmental 
performance and the degree of impact of built form on urban environments, argues that these 
parameters positively affect the resilience of cities and the surrounding landscapes (Alberti and 
Marzluff, 2004; Alberti et al., 2003; see also Alberti, 2005). Additionally, in their report, IPCC 
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(2014)identifies four key urban form metrics, namely density, land-use mix, connectivity, and 
accessibility, claiming that these parameters effectively describe the relationship between energy 
and GHG emissions, and built form. While IPCC’s metrics are predominantly about mitigation, 
it is relevant to this study as these metrics can also be used to describe climate adaptation, as 
described in the sections below.  
These feature-based urban-form attributes hold much information on the urban form 
characteristics of the city. Table 2.2 summarises a list of studies using feature-based attributes to 
judge the climate performance of the urban form.  
Table 2.2 Summary of feature-based studies in literature 
Urban from attributes  Climate theme  Reference 
Neighbourhood shape and size, 
neighbourhood density, land use mix, lots, 
urban blocks, urban open spaces 
Resilience (Sharifi, 2019) 
Compactness and dispersion of urban form Sustainability (Aburas et al, 
2018) 
Diversity, connectivity, redundancy, modularity, 
and efficiency 
Resilience (Feliciotti et al, 
2016) 
Complexity, centrality, compactness, and porosity Sustainability (Sadowy, 2016) 
Density, land use mix, connectivity, and 
accessibility 
Urban form and 
climate change 
(Seto et al, 
2014) 
Density, diversity, green areas, compactness, 
passivity, shading, orientation, connectivity, 
accessibility, centrality, design, proximity to 
public transport, and hierarchy 
Urban form and 
energy  




Heterogeneity, shape complexity, core area 
analysis and density  
Sustainability (Behnisch, 
2012) 
Intensity, distribution, proximity, connectivity, 
complexity, diversity, and form. 
Sustainability  (Bourdic et al., 
2012) 
Harmony with nature, latency, polyvalent spaces 
and diversity, indeterminacy, heterogeneity, 
modularity, and connectivity 
Resilience (Dhar & 
Khirfan, 2017) 
Density, Housing/building type, layout, land use, 
transport infrastructure 
Form elements and 
socio-economic 
characteristics 
(Dempsey et al, 
2010) 
Density, diversity, and design Built environment 




Compactness (in terms of density, mix, and 
intensity) 
Social sustainability (Burton, 2002) 









(Huang et al, 
2007) 
Density, centrality, accessibility, and 
neighbourhood mix 
Spatial metrics (Ewing et al, 
2002) 
Metropolitan size, density, unequal distribution, 








Zonal diversity and socio-economic diversity Diversity and spatial 





These urban form attributes are interdependent, and pursuing one in isolation is insufficient in 
evaluating its climate performance. However, these metrics combined are arguably more 
effective in judging the climate performance of the built form. Based on Table 2.2, the most 
recurring attributes relevant to this study are density, diversity, and urban open spaces (see 
Figure 2.3). Although access is also relevant, it is omitted in this study and can be used as a 
future research possibility, looking at the whole transportation system with transportation policy 
and modal mix, among others. Operationalizing these elements establish the necessary empirical 
base of this study to evaluate the climate performance of urban form in the face of daylighted 
streams as a nature-based solution. 
 




Density, one of the most studied and key aspects of urban form, helps define, predict, and 
regulate the use of land (DETR, 1998). It is an outcome of the competition between land uses 
and its associated patterns of accessibility (Dempsey et al., 2010). The two most commonly 
perceived definitions of density are the density of the built environment and the density of people 
living or working in a given area (Porta et al., 2013; Silva et al., 2017). In simplest terms, density 
is the measure of an urban unit of interest (ex., population, employment, and housing) per unit 
area (ex., block, neighbourhood, city, and nation). It is a tool commonly used to measure the 
feasibility of public transport, and the suitability of certain land uses, particularly lands that 
provide services to the neighbourhood, like commercial, retail, or institutional (Dempsey et al., 
2010).  
Density has a variety of advantages on transportation planning, land/resource use management, 
green space uses, as well as economic and energy benefits. Furthermore, density is essential in 
achieving sustainable development (DETR, 1998; Haughey, 2005; Jenks & Dempsey, 2005; 
Jenks et al., 1996; Owen, 2009; Urban Task Force, 2005; Williams, Burton, & Jenks, 2000) and 
in mitigating and adapting to climate change (Williams et al., 2010; Boyko and Cooper, 2011). 
Compactness, one of the most studied variables under density, is often discussed and 
recommended as a feature of sustainable city form (Burton, Jenks and Williams, 2003; Burgees, 
2000; Sadowy, 2016). Compactness can be defined as high-density monocentric development 
(Gordon and Richardson, 1997) or as concentrations of employment and housing along with a 
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good mix of land uses (Ewing, 1997). Galster et al. (2001) described compactness as the degree 
to which development is clustered, minimizing the amount of land developed in each square 
mile. Regardless of the various definitions, a recurring theme is that compactness involves the 
concentration of development (Tsai, 2005). 
2.5.1.1 Effects of density on blue-green infrastructure 
Even though commonly associated with transportation planning, density can also be used to 
determine the pressure that urban populations and activities lay on the urban landscapes. Density 
measures are also essential in maintaining place vitality, as it supports high levels of diversity in 
terms of population and building typologies (Ye, Li, & Liu, 2018). However, the relationship 
between density patterns and the pressure on the urban landscape is unknown. Intuitively, 
density is a good predictor of the pressure on urban landscapes in growing cities (Alberti, 2008). 
Density is most commonly used as a metric in mitigation strategies to reduce energy demands 
and increase efficiency. A common misconception about building density is that it can only be 
achieved by clustering high-rise buildings together (Seto et al., 2014). It is disputed that medium-
rise (less than seven floors), with high building footprints, can achieve greater energy efficiency 
than high-rise buildings, with low footprints (Picken and Ilozor, 2003; Blackman and Picken, 
2010; Cheng, 2009; Salat, 2011; Seto et al., 2014). In other words, high density, high-rise 
developments imply high energy usage in terms of vertical circulation, HVAC, as well as 
lighting due to low passive volume ratios (Ratti, Baker, & Steemers, 2005). Therefore, there are 
trade-offs between building height and spacing between buildings when planning for sustainable 
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densities. While these are mitigation strategies to avoid human interference in the climate 
system, they help understand how density can play a role in climate adaptation by reducing the 
vulnerability of the urban form to changing climates.  
2.5.1.2 Operationalizing density for urban resilience 
Several density measures have been used in the past, and the most common measure of urban 
patterns is population density and job density (Alberti, 1999b). However, density does not only 
concern the number of dwelling units or the population but the quantity of services and 
amenities. Therefore, to get a holistic understanding of the effects of density on the urban 
landscape, and to measure its relation to the blue-green infrastructure, several density measures 
involving compactness and intensity of development must be employed to get a more robust 
measure of density (Jenks & Dempsey, 2005; Dempsey et al., 2010).  
To measure the compactness of built form, variables such as population density and employment 
density are used (expanded in chapter 3). In this study, density is used as an indicator of the 
intensity of development measured in terms of population and employment density. These 
variables express the intensity and compactness of the settlement in relation to the pressure on 
non-buildable land. As Pont and Houpt (2007, p.144) state, “only when density is seen as a 
composite of aspects, such as intensity, compactness, height, and spaciousness, can it be 
satisfactorily used to differentiate between urban fabrics, understand their characteristics, and 
design guidelines for future developments.”  
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Evidence from several studies claims that compact and walkable neighbourhoods that have 
reasonable access to employment and urban amenities have a positive influence on urban 
resilience (Carpenter, 2015; Hachem, 2016; Seelig, 2011) by reducing energy demands and 
promoting active transportation modes (Durand et al., 2011; Hamin & Gurran, 2009; Jackson, 
2003; Lehmann, 2016; Sharifi, 2019b). However, it should be noted that extreme densities can 
also be detrimental to society as they can intensify Urban Heat Island effect (Dugord, Lauf, 
Schuster, & Kleinschmit, 2014; Hubbart et al., 2014; Hui, 2001; Sharifi, 2019b). Additionally, it 
is also important to note that increased densities may be achieved at the expense of good urban 
open space which, reducing the absorption capacity in cities as open spaces enhance flexibility 
and multi-functionality (Sharifi, 2019b), which is an important aspect of urban resilience. 
Boundaries play a vital role in understanding density as a relationship between urban patterns 
and land development by excluding certain areas depending on the biophysical and socio-
economic factors, specifically the presence of open water or non-buildable land (Zielinski, 1979; 
Alberti, 2008). Hence, it is of utmost importance to consider the boundaries and land area for the 
specific study subject.  
To this end, density is a complex and substantial issue with many connections between the 
performance dimension of ‘fit’ and climate adaptation, having real impacts on the adaptive 
capacity, which must be traced out in any given settlement/city (Lynch, 1981, p.265). Moreover, 
compactness alone cannot provide significant resilience benefits. However, compactness 
promoted in combination with other measures such as walkability, land use mix, accessibility to 
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employment and urban amenities, and availability of urban open space can positively impact 
urban resilience (Sharifi, 2019b).  
2.5.2 Diversity/ mix 
The grain of a settlement is another important dimension that is often perplexed with density 
(Lynch, 1981, p.265). Grain refers to the ways in which the various elements (like activities, 
building types, persons) of a settlement are fused together in space. In other words, grain 
describes the diversity in the spatial sense in a settlement. Jacobs (1969) first referred to grain 
with respect to the socio-economical aspects of the city, but Lynch (1981, p.265) expanded it to 
explicitly describe it as a spatial feature of the city, stating that “the grain of a settlement is 
another fundamental feature of its texture, a feature often confounded with density”. The term 
grain here means how various elements of a settlement are mixed in space. By the term grain, I 
mean the way in which the various elements of a settlement are mixed in space. These elements 
could be activities, building types, persons, or other features. Change or transformation is 
extremely relevant to urban grain as it results from constantly changing social, economic, and 
environmental contexts (Kostof, 1991; Norton, 2016). This is highly relevant to climate 
adaptation and resilience because diversity can reduce a city’s vulnerability in adverse 
conditions. 
The elements of urban form are constantly changing and evolving at different rates relative to 
their respective levels of ‘stability’ (Carmona et al., 2003). Land uses are at the bottom of the 
hierarchy because they are the most unstable elements in the physical city form, followed by 
 
28 
buildings, which have a shorter life span than other elements of urban form (i.e., plot, block, and 
streets) (Norton, 2016). 
2.5.2.1 Effects of mix on blue-green infrastructure 
As a spatial concept, diversity is widely used to describe place vitality in cities and is often 
associated with economic and social perspectives. As Montgomery (1998, p.98) finely states, 
“the simple truth is that the combinations of mixtures of activities, not separate uses, are the key 
to successful urban places”. According to Jacobs (1961, pp.161-164), there are two types of 
mixed-use diversity: primary uses that bring people to specific places, acting as a ‘people 
attractor’ such as offices, residences, shops and services, and secondary uses of diversity, which 
refer to the services and enterprises that grow in response to the primary uses. Further, it is 
important for the mix to not only occur within the development site but spread horizontally and 
vertically. In a study between density, unit type and diversity, Talen (2006) found that density 
and diversity were positively correlated, i.e., higher densities promoted higher diversity.  
Places allocated for NbS and Green-Blue infrastructure act as people attractors too. They provide 
recreational facilities by providing a range of formal and informal play areas, fields, and gardens, 
provide health benefits by masking the noise and pollution of the city. Further they also provide 
a sense of place and a feeling of nature within the city. Therefore, daylighted landscapes, already 




To this end, we know that urban mix matters (Cervero & Kockelman, 1997), but what defines a 
good measure of the mix is difficult to intercept. Grain or mixture of different elements is an 
important measure to explain the effects of urban structure on the landscape. 
2.5.2.2 Operationalizing mix for urban resilience 
Mixed-use associated with appropriate levels of density is an effective strategy to enhance 
walkability and reduce associated GHG emissions (Lowe, Boulange, & Giles-Corti, 2014). 
Mixed-use development effectively reduces  household vulnerabilities to energy crisis and 
fluctuating fuel costs (Sharifi, 2019). The presence of social units in the neighbourhood, such as 
schools, small stores, shopping streets, recreational facilities, and places of worship, strengthen 
social capital and have a positive impact on the resilience characteristics of the neighbourhood, 
such as absorption, recovery, and adaptation (Carpenter, 2015). 
Many argue that land-use zoning is one of the most powerful tools planners use to influence 
human settlement patterns. Land use mix, which refers to the diversity of land uses within an 
area, is an important measure of the various uses that describe a settlement’s development 
pattern (Bordoloi et al., 2013). Here, I attempt to link land-use zoning and human diversity using 
Talen (2005)’s approach of a modified Simpson Diversity Index, to explicitly derive the 
relationships between zonal diversity in the neighbourhood and stream daylighting. 
Distribution and diversity of lot sizes are crucial aspectsto enhance the cities’ flexibility and 
adaptive capacity to reduce lock-in effects. Smaller lot sizes with appropriate levels of density 
enable the accommodation of more open spaces and parks that provide necessary ecosystem 
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services to the neighbourhood (Bruwier et al., 2018; Byahut & Mittal, 2017; Sharifi, 2019). The 
mixture of lot sizes is also an effective way of promoting mixed-use development. Ideally, the 
mixture must follow power-law distribution (i.e., a small number of large lots, medium number 
of mid-size lots and a large number of small lots) to ensure the flexibility and resilience of urban 
form to permit incremental change and adaptation (Tuura, 2014; Sharifi, 2019). To measure the 
diversity of built form, variables such as diversity of land uses at the lot level and the mixture of 
lot sizes are used in this study.  
2.5.3 Urban open spaces 
Urban open spaces are vital elements of the urban form that contribute positively to urban 
resilience. Open space is as “any unroofed ground space in the city (either natural or man-made” 
(Sharifi, 2019; Stanley, Stark, Johnston & Smith, 2012). Accordingly, this study recognises open 
space as any vacant land or land occupied by either natural or man-made features such as NbS, 
Green-blue infrastructure, parks, sports fields, and cemeteries.  
2.5.3.1 Operationalizing urban open space for resilience 
Depending on the type and configuration of open spaces, they may contribute to resilience by 
providing spare capacity in the city form to absorb and recover from shocks by integrating 
redundant open spaces into the city form (Sharifi, 2019). In addition, the availability of open 
space provides the city with a certain degree of freedom to accommodate future needs as and 
when they emerge (Allen et al., 2013; Liu et al., 2014; Sadowy, 2016). Open space in the city is 
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also critical for enhancing the porosity of the city (Sadowy, 2016), providing multiple ecosystem 
services such as provisioning services (e.g., food production), regulating services (such as the 
regulation of microclimate, storm water management), cultural services (e.g., recreational 
opportunities) and supporting services (e.g., primary production and nutrient cycling. Enabling 
porosity through well-distributed open spaces forms a determining factor for regulating micro-
climate conditions (Chen et al., 2017; Sadowy, 2016; Stangl, 2018; Sharifi, 2019). Homogeneous 
distribution of a variety of open spaces increases the modularity of urban form and can expedite 
post-disaster rescue, relief, rehabilitation, and reconstruction activities (Villagra et al., 2014).  
2.5.4 Linking concepts and theories to empirical studies 
The following section draws from the key findings of the literature review in establishing 
connections between the theoretical framework, i.e., indicators of fit and empirical studies 
concerning resilient urban form.  




Density Mix Urban Open Space 
Adaptability • Compactness reduces 
the amount of time it 
takes to transport 
people, goods, and 
materials positively 
influencing adaptability 
(Elkin, McLaren, and 
Hillman, 1991; 
Jabareen, 2006; Guan, 
2017).  
• Mixed-use zoning 
allows compatible land 
uses to coexist reducing 
travel demand (Fang et 
al., 2015; Neilsen, 
2015; Silva et al., 
2017). 
• Small lot sizes 
combined with 
appropriate densities 
• Well-spaced open 
spaces are a 
deciding factor for 
regulating urban 
micro-climate 
conditions, which is 
an effective climate 
adaptation strategy 







(Durand et al, 2011; 
Hamim & Gurran, 
2009; Jackson, 2003; 
Lehmann, 2016). 
• When promoted in 
conjunction with land 
use mix, and improved 





• Compactness of the 
urban form has a 






• Compact and tall 
building types have 
greatest heat-energy 
efficiency at the 
neighbourhood scale 
while detached housing 
was found to have the 
lowest (Rode et al., 
2014) 
allow for a greater 
proportion of land to be 
used for open spaces 
and parks services 
(Bruwier et al., 2018; 
Byahut & Mittal., 
2017).  
• Small lot sizes increase 
percolation of rainwater 
that is essential for 
natural replenishment of 
aquifers, flood control, 
and stormwater run-off 
treatment (Bruwier et 
al., 2018). 
Stangl, 2018).  
• The presence size 
and location of 
green areas is 
crucial in reducing 




• Improving the city’s 







production (Chen et 
al., 2017; Sadowy, 
2016; Stangl, 2018; 
Sharifi, 2019).  
Manipulability Not Available • Fine grained lots 
enable incremental 
evolution in response 
to changing climate 
conditions and are 
more suitable for 
building urban 
resilience (Venerandi et 
• Availability of 
urban spaces 
provides a certain 
degree of freedom 
to accommodate 
new needs (Allen 
et al., 2013; Leon 




• Fine-grain lots are 
more suitable for 
accommodating future 
changes at lower costs 
through incremental 
adaptation of the 
physical form to minor 
fluctuations and 
disturbances (Byahut & 
Mittal, 2017; Feliciotti 
et al., 2017; Marcus & 
Colding, 2014; Salat, 
2013; Salat, 2017; 
Whitehand, 2001). 
• Power-law distribution 
of lots ensures diverse 
range of building types 
making the urban form 
more flexible to permit 
incremental changes to 
adaptation (Tuura, 
2014).  
Liu et al., 2014; 
Sadowy, 2016). 
• Connected network 
of open spaces 
provide for 
redundancy 
(Sharifi, 2019).  
Resilience • Compact and walkable 
neighbourhoods that 
have access to 
employment and urban 
amenities have a 
positive influence on 
urban resilience 
(Carpenter, 2015; 
Hachem, 2016; Seelig, 
2011).  
 
• Presence of social 
networking entities 
such as schools, small 
stores, shopping streets, 
recreational facilities, 
and places of worship 
in the neighbourhood 
support strengthening 
social capital, is 
demonstrated to have 
positive impacts on 
absorption, recovery, 
and adaptation 





open spaces (of 
heterogeneous type 
and size) increases 
modularity of urban 









2.6 Summary  
The main purpose of this chapter was to investigate the literary discourse on urban resilience, 
Nature-based solutions, and resilient urban form and the potential links in accessing the 
resilience of urban form in the case of Nature-based solutions.  
This chapter drew connections between the theoretical and empirical study by combining the 
indicators ‘fit’ (Lynch, 1981), i.e., adaptability, manipulability, and resilience; and ‘fitting’ 
(McHarg, 1969), i.e., match of urban form and natural process, with urban form-based attributes 
to analyze and assess the resilience of built form. It was identified in the literature review that 
feature-based urban form attributes hold more information about the physical city form and 
hence is suitable for analyzing the climate performance. Hence, feature-based urban form 
attributes relating to the indicators of ‘fit’ i.e., adaptability, manipulability, and resilience in the 
empirical study were identified as density, diversity/ mix, and the availability of urban open 
spaces in the city.  
The definition of urban resilience considered in the study by Meerow et al. (2016) offers three 
dynamic pathways to a resilient state, namely, persistence- ability to resist disturbance and 
maintain functions, transition- ability to adapt incrementally, and transformation- ability to 
fundamentally and purposefully change or transform. By definition, NbS, stream daylighting in 
particular, can be seen as a cross between transition and transformation. It enables incremental 
adaptation by transforming a space by introducing blue-green infrastructure into dense urban 
fabrics in response to climate change. 
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The growing concentration of people and the reduction of open spaces in urban areas establishes 
the importance of NbS as an effective solution in maintaining and enhancing urban resilience to 
achieve global sustainability. While there is a substantial body of literature on various social, 
economic, institutional, and environmental dimensions of urban resilience, there has been 
relatively little attention paid to urban form as a factor in building urban resilience (Sharifi and 
Yamagata, 2018). Furthermore, empirical research has rarely connected stream daylighting and 
urban form (Khirfan et al., 2020), specifically in building urban resilience. 
In theory, summarizing the discussion from the literature review, it is evident that compact 
developments with an appropriate mix of densities and uses and better provisioning of urban 
open spaces are highly manipulable, resilient, and adaptable to change. The following chapter 
draws on these conclusions to evaluate the resilience of urban form concerning stream 
daylighting in the city of Zürich.  
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Chapter 3: Methods 
3.1 Background 
During the last century, over 100 km of previously open streams and brooks in Zürich, 
disappeared from the surface due to rapid urbanization. This resulted in constraining streams to 
underground sewers and pipes that connected to the City’s sewerage system. This meant that 
sewerage and rainwater run-off went into the same pipes to the waste water treatment plants. 
This resulted in an increased load of “clean” run-off into the drainage channel, causing increased 
operational costs diminishing the efficiency of the wastewater treatment process. Besides, this 
also resulted in the deterioration of urban landscape as rainwaters did not replenish the 
underground aquifers anymore, resulting in the degradation of the natural habitat and the loss of 
valuable public recreation areas in the city.  
Figure 3.1 Fresh water that has previously flowed into the sewage system is now fed into a 
fresh-water system (Retrieved and modified from Conradin & Buchli (2004)). 
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As a result, an amendment to the Swiss water protection law in 1991 stipulated that clean 
rainwater run-off water must directly seep into the ground to replenish the underground aquifers, 
or where this is not possible, must be directed into the stormwater drainage system separated 
from the wastewater drainage system (Conradin & Buchli, 2004). Accordingly, stream 
daylighting emerged as a part of the new drainage concept, which stipulated that the streams 
formerly culverted must be reintroduced into the urban fabric by daylighting. 
Article 7 (Disposal of waste water) of the Waters Protection Act (1991) states that “non-polluted 
waste water must be discharged by infiltration according to the instructions of the cantonal 
authority. If local conditions do not permit this, such non-polluted water may be discharged into 
surface waters; in this case retention measures must be taken if possible, so as to ensure a steady 
discharge in the event of high inflow. The discharge of water that is not shown on a communal 
drainage plan approved by the canton requires the consent of the cantonal authority”. 
Zürich’s stream concept called “Bachkonzept” came into effect in 1988 as a part of the Swiss 
Water protection law. The main objective of the daylighting program in Zürich was to avoid the 
diversion of stream water into the sewers, leading to the idea of reopening and revitalizing 
brooks and streams and using them as a part of a separate clean water system (Conradin et al., 
1998).  
The concept was introduced to improve the recreational qualities of urban neighbourhoods, to 
restore lost habitat, to enhance the relationship between humans and the natural environment and 
to increase the efficiency of the wastewater treatment process by channelling clean rainwater 
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through water channels in the form of brooks or streams (Conradin et al., 1998). As a result, in 
more than 40 projects, about 21 km of streams or stream sections were revitalized and daylighted 
(Khirfan et al., 2020a). In May 2003, the City of Zürich was awarded the Water Price of 
Switzerland for its successful stream concept (Entsorgung und Recycling Zürich (ERZ), 2003). 
However, over time, this resulted in the city’s water quality improving, and daylighted streams 
became a part of the public realm design. 
 
Figure 3.2 Stream sections in the City of Zürich 
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3.1.1 Process of stream daylighting in Zürich  
Streams in the city of Zürich were turned into culverts primarily due to the increasing 
densification of the settlement area to accommodate the growing population. As the settlements 
continued to grow, more sewerage from the settlements was thrown into the open streams 
together with waste water and clean water, polluting the streams. Thus, as a result, the streams 
were channelled into underground culverts to sewage treatment plants (Broadhead et al., 2013; 
Conradin and Buchli, 2005). In addition, other non-polluted water sources were also connected 
to the sewage treatment plant, including runoff water, water from wells, and cooling water from 
industrial plants (ERZ, 2003). This resulted in increased operational costs reducing the efficiency 
of the wastewater treatment plants reducing the city’s blue infrastructure. As a result, the City of 
Zürich decided to revitalize brooks and streams to their natural state in the city implementing the 
stream daylighting concept to reduce the clean water runoff going into the pipes.  
In Zürich, the essential criterion for daylighting stream sections is a considerable accumulation 
of rainwater and spring water in undeveloped areas or as part of a rehabilitation project in highly 
developed urban areas (ibid). In Zürich, the decision to daylight a stream is based on one of the 
three ways based on the preceding criteria: 
a) Active planning by authorities, in which city planners collaborate closely with 




b) Initiative from the department of drainage, ERZ Zürich, where authorities identify 
areas where a stream can be formed with unpolluted wastewater. In this case, streams are 
first exposed along roadways, and surrounding landowners are contacted to broaden the 
project to include more open space along stream sections. 
c) Stimulus from private sector, where older members of the settlement recall a stream 
that once ran above ground, they can contact the authorities to have the stream uncovered 
as part of the settlement’s rehabilitation, along with walkways and playgrounds.  
Additionally, a nursing concept is also established when a stream is daylighted, in which the 
different sections of the stream are distinguished by a unique design of the creek bed and 
planting. The stream and the surrounding green spaces create a natural equilibrium in the 
neighbourhood, providing socializing opportunities for the residents of the community (ERZ, 
2003). In densely populated places, waterfront areas provide ecosystem services that are quite 
scarce, and they operate as a catalyst for new habitat, improving the settlement’s overall living 
quality. 
3.1.2 Ecological planning goals in Zürich  
Since 2007, the City Council has been aligning its long-term actions with overarching plans 
known as the “Zürich 2025 strategy” in order to preserve the City’s characteristics in a rapidly 
developing environment. In 2016, the 2025 strategy was updated with the publication of a new 
document titled “Zürich Strategies 2035”, which provides the City Council with long-term 
direction and orientation for its actions to identify opportunities for improvement.  
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One of the sustainable growth strategies in Zürich is densifying settlements in a “socially 
responsible and ecologically compatible way with a wide range of housing” (Zürich City 
Council, 2016, p.7). The city of Zürich is growing with an expected population increase of 
80,000 persons by 2040 (ibid), and a part of the plan is to direct 80% of that growth in urban 
regions. In this view, a central strategy of the municipal structure and utilization plans is high-
quality densification of the existing residential areas preserving the inherent identity of the 
city’s neighbourhoods. This strategy focuses on the quality of life for residents, with well-
equipped infrastructure, good local amenities, reliable municipal services, and attractive leisure 
areas. It is a precautionary measure to preserve the environment and provide a high quality of 
urban development.  
In this context, stream daylighting has a significant potential to enable ecological and sustainable 
growth by increasing the city’s urban resilience by providing enhanced ecosystem services in 
dense urban areas without compromising the unique character of the neighbourhoods. 
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Figure 3.3 Aerial map showing the City of Zürich 
3.2 Study Area  
Zürich, the largest city in Switzerland, is situated in 
the north-western tip of Lake Zürich. Switzerland 
has a long history of human habitation, defining 
landscapes and land use patterns (Price et al., 2015). 
With an area of about 88 Km2, the city of Zürich 
hosts a diverse population of over 400,000 
inhabitants, with 32% foreign nationals coming 
from 169 countries and 61% residents with 
migration background in the last 15 years (City of 
Zurich, 2014; 2015).  
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3.2.1 District profiles 
The City of Zürich has 12 districts (known as Kreis 
in German), numbered 1 to 12, and 34 
neighbourhoods (known as Quarters), with each 
district containing between one and four 
neighbourhoods.  
For this study, streams daylighted in Districts 3, 9 
and 11 are selected to analyze the relation between 
built form and open space and daylighting (as 
shown in Table 3). These were selected based on 
the following criteria that: 
Figure 3.4 Districts in the City of Zürich 
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1. The districts have experienced enormous population growth (11%, 26% and 40% growth 
rate since 2000 in Districts 3, 9 and 11, respectively). 
2. The districts have comparatively similar district profiles in terms of land uses 
(predominantly residential), population numbers and comparable land area. 
3. The streams daylighted predominantly run through the residential areas in the districts 
with over 800 m of stream daylighted, and 
4. The availability of geospatial data that clearly distinguished daylighted stream sections 
from culverted stream sections and the data described in Section 3.3 was available. 
Table 3.1 District profiles 
 Zürich City District 3 District 9 District 11 
Population 434,008 51,122 56,637 75,804 




4700 5303 3770 5085 
Data Sources: Resident population: BVS, 2019; Proportion of foreigners: BVS, 2019; Population 
density: BVS, 2019 
District 3, a predominantly residential district known as Wiedikon, has three quarters Alt-
Wiedikon, Sihlfeld and Friesenberg. The district hosts numerous cafes and restaurants with good 
public transport access and natural recreation areas. District 9 is composed of the Quarters 
Albisrieden and Altstetten. Both neighbourhoods were formerly small farming villages, with 
Altstetten hosting the city’s largest and most populous neighbourhood. While the rural settlement 
 
45 
structures in Altstetten have disappeared, the rural character of Albisrieden is still preserved. The 
district is predominantly a residential area with a high share of social housing and many green 
open spaces. District 11, also called Zürich Nord, is Zürich’s northernmost district with a rural 
character. The district contains quarters Affoltern, Oerlikon and Seebach.  
3.2.2 Study streams 
The study considers streams daylighted within districts 3, 9 and 11 detailed in Table 3.2 and 
Figure 3.5.  
Table 3.2 List of daylighted streams considered in this study (ERZ, 2003) 
No. Daylighted stream 






1 Albeisreider Dorfbach 2500 1991 9 
2 Binzmühlebach 800 PI: 2000; PII: 2002 11 
3 Friesenbergbach 800 1991 3 
 
Albeisreider Dorfbach, along with its six tributaries, is one of the most significant streams 
running through the urban fabric in the City of Zürich. It is about 11 Km in length with over 
2500 m daylighted between the years 1989 and 1991. Today, the stream flows through public 
parks and private properties in District 9. The stream was daylighted along the old stream in 
place of a planned clean water pipeline.  
 
46 
Friesenbergbach, until 1990, flowed from the Üetliberg to the beginning of the settlement area 
in District 3. It is about 5.5 Km in length with over 800 m daylighted between the years 1990 and 
1992. The excessive water flowing along the creek channel in addition to extensive construction 
activities in the settlement area aggravated flooding in the neighbourhood. Daylighting as a 
solution to control flooding in the area was therefore inevitable. 
Binzmühlebach was daylighted over 800 m between the years 2000 and 2002. The stream 
originates from the catchment (forest) area of over 200 Hectares. The daylighted section of the 
stream flows along the Neunbrunnenstrasse through the residential settlement in District 11. 
Moreover, this stream helps with rainwater drainage and infiltration from the nearby residential 
areas.  
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Figure 3.5 Districts 3, 9 and 11 showing stream sections and the respective control and treatment groups 
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3.3 Research design 
This study adopts a comparative experimental approach to examine the correlation between 
stream daylighting and urban from with regards to enhancing urban resilience through 
compactness (as a measure of clustering of population and employment), diversity/ mix 
(diversity of land uses and mix of lot sizes), and urban open space.  
In this study, the analysis takes place in two scales- at the district and local scales. This two-level 
analysis acknowledges the nested hierarchy of scales which is essential in analyzing urban form 
characterized by cross-scale dynamics. Figure 3.6 outlines the main steps and processes 
considered in this study.  
At the district scale, the physical properties of the three districts are examined in terms of 
compactness, diversity, and availability of urban open spaces. Since the streams considered in 
this study run throughout the entire length of the districts, this scale of analysis is essential to 
understand the overall urban structure of the districts in which the streams are present. 
To further analyze the correlation between the urban form attributes considered in this study 
and stream daylighting, specific areas surrounding the culverted and daylighted streams are 
considered. The average distance people walk to basic amenities such as schools, public transit, 
grocery stores, and sports fields is approximately within 500m in the city of Zürich 
(Lautenschütz & Jeanneret, 2017). 
Accordingly, this study adopts the average proximity distance of 500m and uses this same 
distance to define a buffer along either side of the culverted sections and daylighted sections of 
the streams within the districts. As such, the control group is the 500m-buffer area surrounding 
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the culverted sections of the stream, while the treatment group is the 500m-buffer area 
surrounding the daylighted sections of the stream (Figure 3.6, Table 3.3).  
The stream sections within the three districts are considered based on: 
1. Availability of geospatial data that distinguished stream daylighted sections from 
culverted sections.  
2. Match between data from the Zürich stream daylighting report (ERZ, 2003) and 
geospatial data.  
3. Continuous strip of daylighted and culverted stream sections, where a continuous strip is 
not possible, each fragmented section is negligible and less than 100 m in length.  
Measures that summarize urban form characteristics at the district scale are first presented, 















Figure 3.6 Main steps and processes in the study
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Table 3.3 Stream sections within the 3 districts 

























1 Friesenbergbach 3 800 0.85 0.9 700 760 
2 Albeisreider 
Dorfbach 
9 2500 1.4 0.7 1830 700 
3 Binzmühlebach 11 800 0.9 1 730 760 
3.3.1 District measures 
This section explains the measures for characterizing urban form that enhances resilience in the 
three districts. 
3.3.1.1 Compactness as a measure of density 
The compactness of the urban form is interpreted using Global Moran’s Index (Moran’s I). It is 
expressed as  
𝐼 =  









𝑖=1 ) (𝑋𝑖 − 𝑋)
2
 
Where, N = number of sub-areas in each district; Xi is the population or employment in the sub-
area i; Xj is the population or employment in the sub-area j; X is the mean population or 
employment, and wij denotes the weighting between sub-areas i and j. The values Xi and Xj reflect 
the features of land parcels such as density, population, or other features. It is important to note 
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that Moran’s I is not a direct measure of compactness but is an effective measure in 
distinguishing compactness from sprawl (Tsai, 2005). Moran’s I can distinguish spatial-
structure-based compactness from sprawl, but its interpretations are sometimes complicated 
(ibid). Moran’s I value ranges from -1 to +1, with a higher value indicating that high-density sub-
areas are closely clustered, whereas a value close to zero meaning random scattering, and a value 
-1 representing a ‘chessboard’ pattern of development (ibid).  
Global Moran’s Index (Moran’s I) measures spatial autocorrelation to estimate the level of 
clustering in any given area relative to its adjacent areas. This index is determines if the 
population and employment density in districts 3, 9 and 11 are clustered or dispersed. Moran’s I 
assumes Complete Spatial Randomness (CSR), which describes the pattern of points that would 
occur by chance in a completely undifferentiated environment, i.e., urban development is 
randomly distributed across the landscape.  
This measure of Moran’s I can effectively tell us if the urban form is concentrated in one or more 
areas within the city or the district and returns a single value for each district, which is good to 
interpret the overall compactness of the urban form in the districts. A positive Moran’s I value 
denotes that the neighbouring areas are similar in terms of development density, with higher 
values showing higher degrees of similarities and lower values showing lower degrees of 
similarities. The higher degree of similarities between the cells near daylighted stream sections 
shows that stream daylighting attracts people and jobs without compromising the urban open 
space available for its residents and reducing the Vehicle Kilometers Travelled (VKT), 
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enhancing the climate resilience. On the other hand, lower values show that population and 
employment are sprawling, adding to the pressure on the open spaces in the city. 
Due to the complexity of clustering, it is often difficult to observe or predict Moran’s I by 
observing a map. Moran’s I is a global statistic that captures the overall pattern of data, and not 
the precise location of clustering. The Getis-Ord Gi* statistic, on the other hand, is a local spatial 
autocorrelation that focuses on smaller regions across the spatial autocorrelation related to a 
particular spatial unit and identifies spatial clusters of high values (hot spots) and low values 
(cold spots) with statistical significance. Getis-Ord Gi* can be expressed as: 
𝐺𝑖
∗ =  
∑ 𝑤𝑖,𝑗𝑥𝑗
𝑛












Where xj is the attribute value for feature j, wi,j is the spatial weight between features i and j, and 













Hence, to specifically analyze if those high concentration areas are close to the daylighted 
sections of the streams, the Hot Spot Analysis tool (Getis-Ord Gi*) is used to identify 
statistically significant spatial clusters. This hot-spot analysis is a spatial clustering test to 
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determine if some attributes are clustered in a population given its heterogeneous distribution. 
The analyses, run in ArcMap, returns a z-score where higher values reflect greater clustering and 
low values denote no clustering. This analysis lets us know if those clustered hot areas are near 
or far off the daylighted parts of the streams in this study. In this research, Moran’s I will be 
computed for population density and employment density in ArcGIS using the spatial 
autocorrelation function, followed by the Getis-Ord Gi* statistic to identify locations of 
statistically significant clustering.  
3.3.1.2 Diversity 
Land use mix is one of the most important measures of land use development pattern, and it 
refers to the diversity of land uses within an area (Bordoloi, 2013). Here, I use a modified 
version of Simpson’s diversity Index to measure the mix of land uses for Districts 3, 9 and 11. 
Land use profiles are one of the most common and fundamental forms of land use analysis. 
Types of land uses are regulated in the land use plans in the city of Zürich, and the area is 
subdivided into six zones, namely: building zones, free zones, recreation zones, agricultural 
zones, protection zones and reserve zones. According to the Planning Act, the six building zones 
in Zürich are core zones, district conservation zones, center zones, residential zones, industrial 
and commercial zones, and zones for public buildings. For this research, I include one more land 
use, i.e., free zones or recreation zones, as they form a significant part of blue-green 
infrastructure in the city. Together, these seven land use zones are examined at the lot level for 
districts 3, 9 and 11.  
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The land use zones are described as: 
i. Central zones (Zentrumszonen) are intended for dense developments which in addition 
to residential, offer commercial uses, service-related uses as well as administrative uses. 
ii. District conservation zones (Quartiererhaltungszonen) comprise self-contained districts 
with high settlement quality in which their usage and structural features must be retained 
or expanded.  
iii. Core zones (Kernzonen) include sites that are worthy of protection, such as urban and 
village centres that are unique and must be preserved or expanded.  
iv. The free zones (Freihaltezonen) comprise of cantonal and regional free zones may be 
stipulated as those areas which primarily serve or include the recreation of the population 
to preserve the object of nature and land.  
v. Industrial and Commercial zones (Industrie- und Gewerbezonen) are primarily for 
industrial and commercial production facilities, large-scale distribution of goods, 
warehousing, and transportation.  
vi. A zone for public buildings (Zonen für öffentliche Bauten) is land that is assigned to 
meet public demands and tasks such as retirement homes, etc.  
vii. Residential zones (Wohnzonen) are primarily intended for residential buildings.  
Land use mix refers to the diversity and amalgamation of different land uses at a given scale. At 
the city scale, the mix of land uses increases the proximity of residential zones to commercial 
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zones, business districts, recreation zones and shops. This significantly reduces the total Vehicle 
Kilometers Travelled (VKT) (Cervero & Duncan, 2006). 
Talen (2005)’s approach of a modified Simpson Diversity Index, is used to analyze the diversity 
of land uses at the lot level. Simpson Diversity Index measures the probability that two 
individuals randomly selected from a sample will belong to the same category. The Diversity 
Index (D) can be expressed as: 
𝐷 =
𝑁(𝑁 − 1)
∑  𝑛𝑖𝑖 (𝑛𝑖 − 1)
 
Where, N= total number of individuals (or zones, or housing units) for all categories; and  𝑛𝑖= 
the number of individuals (or other characteristics) in the ‘i’th category. This specific 
formulation is a reciprocal index, allowing for a more intuitive interpretation of values where 1 
represents a community with only one species or category. The higher the value, the greater the 
diversity, and the maximum value is the number of categories in the sample. Hence, this measure 
can tell us if the land uses are diverse and mixed or clustered and segregated within the districts. 
As such, daylighted landscapes act as primary people attractors and they, in turn, bring in 
secondary uses close to the daylighted landscapes.  
3.3.1.3 Open space 
Urban open space, especially green space, is a crucial factor of ecosystem performance in urban 
areas and is essential for securing the quality of life of urban dwellers and creating sustainable 
urban patterns (Jenks & Jones, 2010; Hayek et al., 2015). In order to examine open space in the 
 
57 
city of Zürich as well the districts 3, 9 and 11, open space availability for the residents in the 
district is used.  
As an indicator with practical relevance, the supply rate of public recreational area to the 
inhabitants on a regional scale is calculated in order to detect undersupplied areas from an 
overview perspective. This indicator is deployed in the standard planning practice in the city of 
Zürich (Grün Stadt Zürich, 2006) implementing the following formula:  
𝑆𝑢𝑝𝑝𝑦 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐺𝑟𝑒𝑒𝑛 𝑆𝑝𝑎𝑐𝑒 (𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =  
𝑜𝑓𝑓𝑒𝑟 𝑜𝑓 𝑝𝑢𝑏𝑙𝑖𝑐 𝑜𝑝𝑒𝑛 𝑠𝑝𝑎𝑐𝑒 
𝐷𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑜𝑝𝑒𝑛 𝑠𝑝𝑎𝑐𝑒
𝑋 100 
A supply rate of 100% equates to 8m2 public open space per inhabitant, which is the guiding 
value declared by the City of Zürich (ibid). Public open space considered a suitable recreational 
area for inhabitants must have a minimum expanse of 2500 m2. Another precondition defined by 
the City of Zürich is that the public open space must be within 400 m of any given lot (Hayek et 
al., 2015). With the actual number of inhabitants in the respective catchment areas, the overall 
supply rate of open space to the residents is determined for districts 3, 9 and 11. This measure 
can explain the availability of public open spaces for residents within the districts.  
This provision of green and open spaces is calculated on the basis of demand from the population 
and the provision of recreational space and is a purely quantitative figure. The degree of 
provision is 100% when each person living in the city has 8m2 of publicly accessible 
multifunctional open space available within a radius of 400m (Grün Stadt Zürich, 2006). For this 
measure, green open spaces are unroofed public open spaces, such as parks, playgrounds, and 
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cemeteries, excluding the pastures and forest areas. This specific formulation of open space 
availability is calculated for districts 3, 9 and 11.  
3.3.2 Local measures 
As described in the previous section, the analysis at the local scale is carried out based on the 
500m buffer area along either side of the culverted and daylighted stream section in districts 3, 9 
and 11. The control group is the area around the culverted stream segment, while the treatment 
group is the area around the daylighted stream segment. Urban form attributes such as density, 
diversity of land uses and lot sizes, and urban open space availability are assessed for each 
district’s control and treatment groups. 
3.3.2.1 Density and building stock 
Density is the measure of an urban unit of interest (ex., population, employment, and housing) 
per unit area (ex., block, neighbourhood, or city). Here I use population density and employment 
density to examine how density differs between the control and treatment groups for the three 
streams.  
Population density refers to the number of people within a given spatial unit, whereas 
employment density refers to the number of employees within a given spatial unit. In this study, 
population and employment densities are measured as the number of persons and number of 
employees per hectare. Higher population densities closer to work places and services can 
positively correlate to resilience by reducing the energy demands and infrastructural costs.  
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Chi-square statistic (χ2 test) is a statistical hypothesis test to determine if there is a statistically 
significant difference in population and employment density between the control and treatment 
groups. The null hypothesis considered for this test is that there is no significant difference 
between population and employment densities and the treatment of stream sections, i.e., 
culverted or daylighted. This test ensures if the values for population and employment density 
between the control group and treatment group are statistically different or not. If the test returns 
a statistically significant χ2 value with a p-value of ≤ 0.05, then the null hypothesis is rejected 
with 95% confidence. Further, the frequencies in densities between the two groups are compared 
to interpret the results from the Chi-square test. In addition to population and employment 
density, construction activity within the two groups is compared for each of the three streams in 
districts 3, 9 and 11. 
3.3.2.2 Diversity 
A modified version of Simpson’s Diversity Index and power-law function for lot sizes are used 
to analyze the mix of land uses and lot sizes, similar to the district scale measure. For the 
diversity of land uses, Simpson’s Diversity Index as stated in section 3.3.1.2, is used for the 
control and treatment groups within districts 3, 9 and 11. 
The lot (or plot) is the basic unit of urban form and land subdivision (Kropf, 2014; Sharifi, 
2019). It is argued that fine-grained lots help build resilience by facilitating incremental 
development in response to changing conditions (Verandi, Zanella, Romice, Dibble & Porta, 
2017). Lot sizes that follow power-law configuration are arguably more resilient. Here I examine 
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the mixture of lot sizes to see if the lots follow the power-law function. Power-law refers to the 
relationship between two quantities, where the frequency of a component is proportional to the 
inverse of its size. This implies the presence of few large-size elements and many small-size 
elements in the system. “An inverse power law is a continuously decreasing curve, implying that 
many small events (in size, density or intensity) coexist with a few large events in a 
mathematical highly structured way” (Salat, 2017, p.113). Small lot sizes combined with 
moderate levels of density allow for more space allocated to streets, open spaces, and parks 
(Sharifi, 2019), and hence more space for blue-green infrastructure in the city. 
 
Figure 3.7 An example of power-law distribution (Salat, 2017) 
Mathematically, a quantity x follows power law if it is drawn from a probability distribution 
𝑝(𝑥) ∝  𝑥−𝛼 
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Where, 𝛼 is the constant or scaling parameter (Clauset et al., 2009). In figure 3.7, the x-axis 
represents the observed size variable, usually provided in bins, whereas the y-axis represents the 
frequency of components of that size. This power-law relation is presented in a scatter-plot 
diagram with the trendline of the curve following the power function.  
Power-law is used to describe a phenomenon where a small number of elements/ items are 
clustered at the top/ bottom of a distribution. In other words, a small amount of occurrence is 
common, while large occurrences are rare. Accordingly, the city is resilient if there are large 
numbers of small lots, medium numbers of mid-sized lots, and a small number of large lots 
(Turra, 2014). This distribution allows for a variety of building typologies and uses to be 
accommodated, increasing the overall diversity of the settlement. 
A Chi-squared test is first carried out for lot sizes between the control and treatment groups, 
under the null hypothesis that the frequency of lot sizes do not statistically differ between the 
control and treatment groups. If the Chi-square turns out to be statistically significant, the null 
hypothesis is rejected. Further, each of the groups are examined to check if lot sizes follow a 
power-law function. 
3.3.2.3 Open space availability 
Similar to the district measure, open space availability is calculated using the same formula as 




3.4 Data  
This study employs multiple secondary data sources, including geospatial data from the City of 
Zürich’s open data website (https://www.geolion.zh.ch/geodatensatz) as well as data from policy 
documents, journal articles, organization, and publication reports. The Swiss Federal Statistical 
Office for Geographic Information Systems (GIS-ZH) provided the necessary GIS data in vector 
format for buildings, roads, parcels, land uses, stream sections that are daylighted, left in the 
natural state, and culverted state, waters, and public open spaces. All data was georeferenced and 
projected to the CH1903+LV95 coordinate system. The appropriateness of the land use and 
building data was cross-validated using satellite images from Google Earth. The acquired data is 
then processed and analyzed using the ArcGIS 10.4 software (https://www.arcgis.com). 
The primary data source for empirically analyzing the urban form attributes is using the city’s 
open data portal. This section illustrates the data types used.  
Spatial Population Statistics  
Fields using 1. Population (number of people) 
2. Population density (number of people per hectare) 
Feature type Vector 
Feature geometry Polygon shapefiles of 100mX100m 
Scale 1:5000 
Year updated 2019 
Employment Statistics  
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Fields using 1. Employees (number of employees) 
2. Employment density (number of employees per hectare) 
Feature type Vector 
Feature geometry Polygon shapefiles of 100mX100m 
Scale 1:5000 
Year updated 2019 
ÖREB cadastre - distance lines (public property restrictions)  
Fields using 1. Lot area (Sq.m) 
2. Blue-green infrastructure such as public parks, cemeteries, and 
sports fields (Area- Sq.m) 
3. Generalized land use at the lot level. 
Feature type Vector 
Feature geometry Polygon shapefiles of varying sizes with lot boundaries 
Scale 1:1 
Year updated 2017 
Ecomorphological survey of water  
Fields using 1. Total length of streams (m) 
2. Length of daylighted sections of the streams (m) 
3. Length of culverted sections of the streams (m) 
4. Length of streams left in the natural state (m) 
Feature type Vector 
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Feature geometry Lines shapefiles of varying sizes 
Scale 1:5000 
Year updated 2020 
3.5 Summary 
This chapter summarized the background, context and research design used in this study, 
including a summary of the data used. Table 3.4 summarizes the indicators and variables used in 
this study by linking the theoretical concepts of adaptability, resilience, and manipulability with 
empirical indicators such as density, diversity, and the availability of urban open spaces. 
Table 3.4 Summary of indicators and variables.  





Density Population density Number of persons/Ha 
Employment density Number of employees/Ha 
Compactness Moran’s I for population density 
and employment density. 
Getis-Ord GI* for population 
density and employment density. 
Land use mix Simpson’s Diversity Index 











Chapter 4: Analysis and Discussion 
The methods discussed in the previous chapter are applied to the study area, and the climate 
performance of the urban form and urban open space is calculated using GIS and spatial 
statistical tools. The results are obtained for districts 3, 9 and 11, and the results are compared, 
details of which are provided in this chapter. This chapter also presents a closer look at the 
differences in urban form attributes between the control group and the treatment group.  
4.1 Density analysis 
As mentioned in the previous chapter, density is analyzed as a measure of clustering of 
population and employment at the district scale. It is computed using Global Moran’s I for 
population density per hectare and employment density per hectare, for districts 3, 9, and 11. 
Following this, Hot Spot analysis is carried out to determine the exact position of clustering in 
population and employment densities within the districts.  
At the local scale, i.e., along the stream buffer areas, a χ2 statistic test is first carried out to check 
for statistical significance between the control and the treatment group. In addition, frequencies 
of densities between the control and treatment groups are compared along with construction 





Figure 4.1 Mean densities in the City of Zürich and districts 3, 9 and 11 
4.1.1 Compactness 
To estimate the level of clustering Global Moran’s Index (Moran’s I) is used to measure the 
spatial autocorrelation of population and employment density. Data obtained for population and 
employment density is in the form of polygon square features of 1 hectare each. Table 4.1 




Table 4.1 Summary stats of data used for density analysis 
Variable Stats District 3 District 9 District 11 
Population 
density per Ha 
Total population  48793 54886 73544 
Data points (n) 358 489 681 
Mean 136 112 108 
Std. Dev. 86.96 78.47 69.73 
Minimum 4 4 4 
Maximum 387 572 408 
Employment 
density per Ha 
Total employees  40087 49620 52093 
Data points (n) 376 518 681 
Mean 109 96 70 
Std. Dev. 274.44 217.78 69.73 
Minimum 1 1 4 
Maximum 2851 1795 408 
Moran’s I is calculated in ArcGIS using the spatial autocorrelation function with Inverse-
distance based weighting at 200m threshold distance. The choice of 200m as threshold distance 
is based on the raw data, i.e., 100mX100m cells, which means that every adjacent cell of a 
particular cell is a neighbour and is given the highest weightage, and the weightage drops with 
increasing distance. As such, the 200m threshold distance is considered appropriate since the 
main goal is to examine how clustered the density of the development is.  
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The analysis returns a z-score and p-value, where z-score is the standard deviation of the result 
and p-value is the probability that the observed spatial pattern was created by a random process. 
Low p-values suggest that it is improbable that the observed spatial pattern is a result of random 
process. P-values for each of the calculated measures were < 0.01., i.e., 99% probability to reject 
the null hypothesis that the observed pattern was created by random chance. Table 4.1 shows the 
confidence levels of uncorrected z-scores and p-values.  
Table 4.2 Uncorrected critical p-values and z-scores for different confidence levels (from 
arcgis.com) 
z-score (Standard deviations) p-value (Probability) Confidence level 
< -1.65 or > +1.65 < 0.10 90% 
< -1.96 or > +1.96 < 0.05 95% 
< -2.58 or > +2.58 < 0.01 99% 
Having run Moran’s I for population and employment density in districts 3, 9 and 11, at a 
distance threshold of 200m, the result turned out with no cells having more than 1000 neighbours 
and no cells with no neighbours. Table 4.3 shows the values of Moran’s I for population and 





Table 4.3 Moran's I for compactness 




Moran's I Z-score P-value 
Population 
Density 
D3 200 358 0.37 12.2 <0.01 
D9 200 489 0.21 8.11 <0.01 
D11 200 681 0.27 12.54 <0.01 
Employment 
Density 
D3 200 376 0.09 3.297 <0.01 
D9 200 518 0.35 14.74 <0.01 
D11 200 681 0.30 14.29 <0.01 
Based on the 200m threshold, the Moran’s I for population density for District 3 was the highest 
at 0.37, followed by District 11 at 0.27 and District 9 at 0.21. On the contrary, District 3 had the 
lowest Moran’s I for employment density at 0.09, with the highest in District 9 at 0.35, followed 
by 0.30 for District 11. Based on the data from the three districts and the understanding that 
values close to +1 represent a perfect clustering, whereas values close to 0 represent random 
scattering, and values close to -1 represent a chessboard pattern (Tsai, 2005), Figure 4.2 





Figure 4.2 Interpretation of Moran's I for districts 3, 9 and 11 
Results show that District 3 has the highest concentration of population densities, while the 
district’s employment densities show a sprawling form, with Moran’s I at 0.09. On the contrary, 
while districts 9 and 11 have a relatively compact concentration of population densities, they 
exhibit a highly compact concentration of employment densities.  
4.1.2 Hot-Spot analysis 
Hot-spot analysis (Getis-Ord Gi*) is a tool on ArcMap that identifies statistically significant 
spatial clusters of high values (hot-spots) and low values (cold-spots) using the Getis-Ord Gi* 
statistic. Hot spot analysis calculates the spatial clustering of the mapped features relative to 
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features mapped close by. This test was conducted for population and employment density in 
districts 3, 9 and 11. The analyses returns a z-score where higher values reflect greater clustering, 
and low values denote no clustering. The Hot-spot analysis for population density and 
employment density for districts 3, 9 and 11 are presented in figures 4.3, 4.4, and 4.5, 
respectively. 
In District 3, the high clusters of population and employment density are observed near the 
control group, i.e., along culverted stream sections, with low-level clustering of population and 
employment density near the treatment group.  
In District 9, two distinct high clusters of population densities are found: one in the control area 
and one in the treatment area, whereas one high cluster of employment density spans across both 
the control and treatment group, while is there is also a low-level clustering of employment 
densities in the treatment group.  
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Figure 4.4 Hot Spot analysis (Getis-Ord Gi*) of population (left) and employment density (right) in District 9 
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Figure 4.5 Hot Spot analysis (Getis-Ord Gi*) of population (top) and employment density 




In District 11, while there are no noticeable high clusters of population densities in either the 
control or treatment group, there is a distinct high cluster of employment density within the 
treatment group, spanning across the daylighted sections of the stream. In stark contrast, there 
are low clusters of employment density in the control group.  
Table 4.4 Summary of Hot Spot Analysis (Getis-Ord Gi*) in districts 3, 9 and 11 
District Population density Employment density 
Control group Treatment group Control group Treatment group 
District 3 Low clusters Low clusters High clusters Low & 
insignificant 
clusters 
District 9 High clusters High & 
insignificant 
clusters 
High clusters High & low 
clusters 






Low clusters High clusters 
In summary, high clusters of employment density are found in the treatment groups in two of the 
three districts (i.e., districts 9 and 11), while the clustering of population density is relatively low 
in two of three districts (i.e., districts 3 and 9). Therefore, while there is some high level of 
clustering in employment density in the control and treatment groups, there is low-level 
clustering of population density in the treatment groups compared to the control groups.  
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4.1.3 Local scale analysis of density and building stock 
This section compares the urban densities between the control and treatment groups to explore 
the relationship between stream daylighting and population and employment density. In addition 
to population and employment density, the number of households and construction activity is 
compared between the control and treatment groups.  
4.1.3.1 Statistical test for significance 
First, a Chi-square statistic test is carried out to determine a statistical difference in population 
and employment density between the control and treatment groups in districts 3, 9 and 11. The 
null hypothesis considered for this test is that there is no statistically significant difference 
between population density, employment density, number of households, and the nature of the 
treatment of the stream sections (i.e., culverted or daylighted). Table 4.5 summarizes the Chi-
square values for the independent variables in districts 3, 9 and 11.  
Table 4.5 Chi-square test of independence for independent variables 
District Variables χ2 value p-value Significance Note 
District 3 Population 
density 
1.964 0.161 Not 
significant 
The result is not significant at 
p ≤ 0.05. Hence, the null 
hypothesis is accepted. 
 Employment 
density 
6.118 0.013 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
 Number of 2.595 0.107 Not The result is not significant at 
p ≤ 0.05. Hence, the null 
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households significant hypothesis is accepted. 
District 9 Population 
density 
10.315 0.006 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
 Employment 
density 
18.381 0.0001 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
 Number of 
households 
4.861 0.182 Not 
significant 
The result is not significant at 
p ≤ 0.05. Hence, the null 





0.243 0.622 Not 
significant 
The result is not significant at 
p ≤ 0.05. Hence, the null 
hypothesis is accepted. 
 Employment 
density 
16.206 0.0003 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
 Number of 
households 
6.979 0.0305 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
In District 3, results show that employment density is significant, i.e., the observed frequencies 
in employment densities are statistically different between the control and the treatment group. 
On the other hand, population density and the number of households are not significant, i.e., the 
observed frequencies between the control and treatment groups are fairly similar. Hence, in 
District 3, employment density and the treatment of stream sections are significant, whereas 
population density and the number of households are not significant between the culverted and 
daylighted sections of the stream. In District 9, the values for Chi-square test for population and 
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employment density are statistically significant, whereas the number of households are not 
significant and are fairly similar. Similarly, in District 11, employment density and the number 
of households are statistically significant between the culverted and daylighted sections of the 
stream, while the population density is not significant. 
4.1.3.2 District 3 
As mentioned in the previous section, the frequencies in densities and the number of households are 
compared between the control group and treatment group in each of the three districts. Results from 
the Chi-square test for District 3 showed that the population densities and the number of households 
do not differ significantly between the control group and treatment group, whereas the employment 
densities differ significantly between the two groups. Figures 4.6 and 4.7 present the population and 








Figure 4.6 Frequencies of population density in District 3 between culverted stream buffer 
(Control group) and daylighted stream buffer (Treatment group) 
The mean population density in District 3 is 136 persons per hectare. In comparison, the mean 
population densities within the control and treatment group are 108 persons per hectare and 90 
persons per hectare, respectively. This further corroborates the results from the Chi-square test that 
the population densities are fairly similar between the culverted stream area and the daylighted 
stream area. Additionally, low to medium population densities are observed in the control group 
(51% lie between 1-100 persons per hectare, 43% lie between 101-250 persons per hectare) and in 
the treatment group (65% lie between 1-100 persons per hectare, 32% lie between 101-250 persons 
per hectare). The population densities observed in the treatment group are comparatively lesser than 
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those observed in the control group. This might be due to the geographic location of the daylighted 
section of the stream, i.e., the daylighted section of the stream is in the periphery of District 3, closer 
to the forest and meadow area. On the contrary, results from Moran’s I for population density within 
the district showed that the densities are highly compact. This points to the potential of sustainably 
and ecologically growing the densities in close proximity to the daylighted section of the stream 
without outgrowing the developments in forest areas, which in turn can curtail sprawl.  
 
Figure 4.7 Frequencies of employment density in District 3 between culverted stream buffer area 
(Control group) and daylighted stream buffer area (Treatment group) 
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The mean employment density within the district is 109 employees per hectare. Similar to population 
density, the mean employment density within the control group is much higher at 176 employees per 
hectare, while the mean employment density within the treatment group is 105 employees per 
hectare.  
 
Figure 4.8 Comparison of construction activity in District 3 between culverted stream area 
(control group) and daylighted stream area (treatment group) 
In District 3, buildings within the control group are relatively older, with over 72% built before 
1976, whereas the percentage of buildings built before 1975 within the treatment group is 58%. 
Construction activity within both the control and treatment group dropped between the years 1976-
2000. A sharp increase in construction activity is observed after 2000 within the treatment group 
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from 5.3% between the years 1976-2000 to 26.4% built after the year 2000. This corresponds to the 
year the stream Friesenbergbach was daylighted, i.e., 1991.  
4.1.3.3 District 9 
In District 9, the results from Chi-square test show that population and employment densities are 
statistically significant between the culverted and daylighted sections of the stream. Figures 4.9 
and 4.10 present the frequencies in population and employment density, respectively. 
 
Figure 4.9 Frequencies of population density in District 9 between culverted stream buffer area 
(Control group) and daylighted stream buffer area (Treatment group) 
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The mean population density in District 9 is 112 persons per hectare. The mean population 
density within the control and treatment groups is 140 persons per hectare and 110 persons per 
hectare, respectively. Similar to District 3, the mean population density within the control group 
is higher than the mean population density within the treatment group. Both the control and the 
treatment group support low – medium densities, with over 87% in the control group between 1-
250 persons per hectare, and 97% within the treatment group lie in the same range.   
 
Figure 4.10 Frequencies of employment density in District 9 between culverted stream buffer 
area (Control group) and daylighted stream buffer area (Treatment group) 
 
84 
The mean employment density in District 9 is 96 employees per hectare. Similar to population 
density, the observed mean employment density within the control group is higher than the 
treatment group at 137 employees per hectare and 74 employees per hectare, respectively.  
 
Figure 4.11 Comparison of construction activity in District 9 between culverted stream area 
(control group) and daylighted stream area (treatment group) 
In District 9, within the control group, 73% of the buildings were built before 1975, while 65% 
of the buildings within the treatment group were built before 1975. A drop in construction 
activity is noted between the years 1976- 2000 within the control and the treatment group, with 
an increase in construction activity after the year 2000 within the treatment group. This 
corresponds to the year the stream Albeisreider Dorfbach was daylighted, i.e., 1991. 
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4.1.3.4 District 11 
In District 11, employment density is statistically significant between the control and treatment 
groups, whereas there is no statistical significance in population densities between the two 
groups. Figure 4.12 and 4.13 shows the observed frequencies of population and employment 
density between the control and treatment groups, respectively.  
 
Figure 4.12 Frequencies of population density in District 11 between culverted stream buffer 
area (Control group) and daylighted stream buffer area (Treatment group) 
The mean population density in District 11 is 108 persons per hectare. The observed mean 
population density in the control and treatment groups within this district is lower than the 
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districts mean at 75 persons per hectare and 92 persons per hectare, respectively. While the 
results from Chi-square test for population density turned out to be insignificant, the mean 
population density in the treatment group is higher than the mean in the control group. Similar to 
districts 3 and 9, in District 11, both the groups support low to medium densities while the 
treatment group has 6% of the cells with a high density of 250- 350 persons per hectare.  
 
Figure 4.13 Frequencies of employment density in District 11 between culverted stream buffer 
area (Control group) and daylighted stream buffer area (Treatment group) 
The mean employment density in District 11 is the lowest compared to districts 3 and 9 at 70 
employees per hectare. However, the treatment group within the district has the highest mean 
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employment density at 203 employees per hectare, while the control group’s mean employment 
density is the lowest at 18 employees per hectare.  
 
Figure 4.14 Comparison of construction activity in District 11 between culverted stream area 
(control group) and daylighted stream area (treatment group) 
A majority of the buildings within the control group (75%) in District 11 were built before 1975, 
while only 47% of the buildings within the treatment group were built before 1975. Although 
construction activity dropped between 1976-2000 in both the control and treatment groups, a 
higher percentage of buildings (20% compared to 9.8% in the control group) were built in the 
treatment group during these years. Unlike districts 3 and 9, a drop in construction activity is 
observed after 2000 in the treatment group, which was when the stream Binzmühlebach was 
daylighted, i.e., 2000. 
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4.2 Diversity analysis 
For diversity analysis, two variables are used: land use mix and mixture of lot sizes. Land use 
mix is calculated using a modified version of Simpson’s Diversity Index, whereas the mixture of 
lot sizes is calculated using the power-law function.  
4.2.1 Land use mix 
The claim that fine urban grain plays a vital role in land use mix is perhaps the most significant 
in literature. Land use profiles are one of the most common and basic forms of land use analysis. 
Land use zones in the city of Zürich are regulated in their land use plans. In this study, seven 
land use zones, namely, core zone, conservation zone, industrial and commercial zone, zone for 
public buildings, residential zone, and free and recreation zone, are considered at the lot level, 
and their diversity is calculated using Simpson’s diversity index.  
The land use zones are obtained as generalized land use at the lot level. Data is then processed by 
eliminating roadways, railways, waters, and agricultural areas. The land uses are generalized at 
the lot level and do not account for the different uses within the building. Table 4.12 shows the 
percentage of land use zones, and Figures 4.15 and 4.16 present the maps of land use zones in 
districts 3, 9 and 11. 
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Figure 4.16 Land use zones in District 11. 
The table below shows that the primary land use zone in districts 3, 9 and 11 is residential, 
followed by free and recreation zone, i.e., indoor and outdoor public spaces meant for 
recreational facilities. Core zones are zones meant for intense developments within the districts. 





Table 4.6 Percentage of land uses in the study area. 






Central zone 3 8 7 
Conservation zones 11 0 2 
Core zone 0 1 1 
Free and Recreation zone 36 31 39 
Industrial and Commercial zone 3 9 3 
Zone for Public Buildings 8 9 5 
Residential zone 38 42 44 
A modified version of Simpson’s Diversity Index is used to examine the mix of land uses in 
districts 3, 9 and 11.  The Diversity Index (D) can be expressed as: 
𝐷 =
𝑁(𝑁 − 1)
∑  𝑛𝑖𝑖 (𝑛𝑖 − 1)
 
Where, N= total area of all land use zones in the districts; and  𝑛𝑖= area of a land use zone in the 
‘i’th category. This specific formulation is a reciprocal index, allowing for a more intuitive 
interpretation of values where 1 represents a community with only one species or category. The 
higher the value, the greater the diversity, and the maximum value is the number of categories in 
the sample, which is 7 in this case. The Simpson’s Diversity Index for districts 3, 9 and 11 are 
3.34, 3.44, and 2.86, respectively. The results show that land use zones are not as diverse in the 
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districts and are clustered and not mixed. However, it is evident that the districts have almost 
equal percentages of residential zones and free and recreation zones.  
4.2.1.1 Diversity of land uses at the local scale 
This section looks at the diversity of land use zones between the control and treatment groups to 
explore a possible correlation between stream daylighting and diversity. First, the percentages of 
land uses are compared between the control group and treatment groups followed by the 
calculation of Simpson’s Diversity Index between the two groups. 
Table 4.7 Distribution of land use zones in the control group and treatment group 













Central zone 5.9 0 23.8 5.3 0 54.4 
Conservation zones 2.0 0 0.0 0 0 2.0 
Core Zone 0 0 0 0 0 0 
Free and Recreation zone 9.2 49.8 2.6 19.6 36.8 13.1 
Industrial and Commercial 20.6 0 0.5 15.5 0 0 
Public Buildings 7.1 18.7 13.7 7.1 7.1 0 




The table presented above shows the distribution of land use zones between the control group 
and treatment group in districts 3, 9 and 11. Results show that within the treatment groups in 
districts 3 and 9, free and recreation zones are higher at 50% and 20%, respectively, compared to 
9% and 3% in the control group. However, in the treatment group in District 11, the percentage 
of free and recreation zone is less than in the control group at 13% and 37%, respectively. This is 
because the control group is close to the pasture and meadow area, which is a free and recreation 
zone according to the land use plans in Zürich. 
 
Figure 4.17 Simpson's Diversity Index (D) for land use zones in the control group and treatment 
group in Districts 3, 9 and 11. 
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Further, Simpson’s Diversity Index is calculated to compare the mix of land uses between the 
control group and the treatment group. The results from Simpson’s Diversity Index is presented 
in Figure 4.17. In district 3, the Diversity Index in the control group is higher at 2.8 compared to 
the treatment group at 2.6. However, in Districts 9 and 11, the Diversity Index in the treatment 
group is higher at 2.9 and 2.5, respectively, compared to the control group at 2.3 and 2.2.  
In summary, land uses are relatively diverse in the control and treatment groups. However, the 
percentage of free and recreation zone in the treatment groups is higher than in the control 
groups. Similarly, results from the Simpson’s Diversity Index show that land use zones within 
the treatment groups are more diverse than their respective control groups.  
4.2.2 Power law distribution of lot sizes 
A Chi-Square test is first carried out to check for statistical significance between the lot sizes in 
the control and treatment groups within districts 3, 9, and 11. The null hypothesis considered for 
this test is that there is no statistical significance between lot sizes and the treatment of stream 
sections, i.e., daylighted or culverted. In districts 3 and 11, Chi-square value is significant at p ≤ 
0.05, i.e., the lot sizes differ significantly between the control group and the treatment group. 
However, in District 9, the Chi-square value is not significant, and hence, the lot sizes do not 
differ significantly between the control group and treatment groups. Table 4.8 summarizes the 





Table 4.8 Chi-square test of independence for lot sizes 
District Variable χ2 value p-value Significance Note 
District 3 Lot sizes 28.194 <0.0001 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
District 9 Lot sizes 3.804 0.433 Not 
significant 
The result is not significant at 
p ≤ 0.05. Hence, the null 
hypothesis is accepted. 
District 11 Lot sizes 59.533 <0.0001 Statistically 
significant 
The result is significant at p 
≤ 0.05. Hence, the null 
hypothesis is rejected. 
To determine if lot sizes follow power-law function, the lot sizes are plotted on the x-axis against 
their respective frequencies on the y-axis for the control and treatment groups. Then, the slope of 
the curve is derived to explore the power-law relation. The aim behind this analyses is the notion 
that smaller lot sizes are more manipulable in comparison to larger lot sizes and a mixture of lot 
sizes that follow power-law distribution are resilient to change (Tuura, 2014).  
The bin intervals considered for the control and treatment groups is 1000 m2, and lots smaller 
than 100 m2 are considered outliers and are omitted from this analysis. Table 4.9 outlines the 
frequency of lot sizes between the control and treatment groups.  
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Table 4.9 Distribution of lot sizes between the control group and the treatment group in districts 
3, 9 and 11 
Frequency 
of lot sizes 
(m2) 













100-1000 410 45 297 302 394 190 
1001-2000 46 8 81 69 42 28 
2001-3000 17 5 20 20 12 26 
3001-4000 12 4 15 12 4 12 
4001-5000 9 1 5 5 1 8 
5001-6000 8 3 3 2 1 3 
6001-7000 6 3 4 3 1 4 
7001-8000 3 1 - - 2 6 
8001-9000 2 4 - - 4 4 
9001-10000 - - - - 1 1 
A graph is plotted with the x-axis representing the scale size variable provided in the bins for lot 
sizes and the y-axis representing the frequency of lots in each bin. Figures 4.18, 4.19 and 4.20 
present the scatter plots of the frequency of lot sizes in the control and treatment groups for each 
for the three districts. A power trendline is drawn based on the equation y=axb, where a is a 
constant b is the scaling exponent. The R2 value is the measure of the proportion of variation 





Figure 4.18 Power-law curve for lot sizes in District 3 for the control group (above) and the 
treatment group (below), where the dotted lines represent the trendline of the power curve. 
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Figure 4.19 Power-law curve for lot sizes in District 9 for the control group (above) and 
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Figure 4.20 Power-law curve for lot sizes in District 11 for the control group 
(above) and the treatment group (below), where the dotted lines represent the 
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The graphs show that all lot sizes within the control and treatment groups in all three districts 
follow power-law function with R2 value ranging between 0.93 and 0.99, meaning that the 
observed values match the power curve. The lot sizes here represent the fractal property that all 
fractals follow a power-law relation (Jahanmiri, 2015). Hence, there is no significant difference 
in the mix of lot sizes between the control and treatment groups for the three districts.  
4.3 Open Spaces 
The provision of green and open spaces is calculated based on demand from the population and 
the provision of recreational space and is a purely quantitative figure. The degree of provision is 
100% when each person living in the city has 8m2 of publicly accessible multifunctional open 
space available within a radius of 400m (Grün Stadt Zürich, 2006). As such, urban open spaces 
are unroofed public open spaces, such as parks, sports fields, and cemeteries, excluding 
meadows, pastures, and forest areas. 
Supply rate of urban open space is calculated using the formula,  
𝑆𝑢𝑝𝑝𝑦 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐺𝑟𝑒𝑒𝑛 𝑆𝑝𝑎𝑐𝑒 (𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =  
𝑜𝑓𝑓𝑒𝑟 𝑜𝑓 𝑝𝑢𝑏𝑙𝑖𝑐 𝑜𝑝𝑒𝑛 𝑠𝑝𝑎𝑐𝑒 
𝐷𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑜𝑝𝑒𝑛 𝑠𝑝𝑎𝑐𝑒
𝑋 100 
Demand for open space is defined by the number of inhabitants in the area. A supply rate of 
100% equates to 8m2 of public open space available per inhabitant. A supply rate of 75% or over 
means good provision of open space, 50-75% means satisfactory provision of open space, 25-
50% is unsatisfactory, and 25% or below means poor provision of open space (Grün Stadt 
Zürich, 2006).
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Figure 4.22 Urban open space in District 11 
Table 4.10 Area of urban open spaces available to the residents in districts 3, 9, and 11. 
Item District 3 District 9 District 11 
Total population 56943 59084 79054 
Open space in the urban fabric (sq. m) 465552.11 397190.20 322922.73 
 Supply rate (%) 102.2 84.0 51.1 
Area of open space/ inhabitant (m2) 8.2 6.7 4.1 
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From the above table, it is evident that about 8.2 m2 of urban open space is available per 
inhabitant, whereas districts 9 and 11 have about 6.7 m2 and 4.1 m2 available per inhabitant, 
respectively. As such, District 3 has a surplus supply of open space at 102 percent, whereas 
District 9 has a good supply of open space at 84 percent, with District 11 under-provisioned at 51 
percent.  
4.3.1.1 Open space availability at the local scale 
The same formulation is used to examine the availability of open space in the control and the 
treatment groups. The chart below presents the availability of open space in the control and 
treatment groups for districts 3, 9, and 11.  
 
Figure 4.23 Availability of urban open space within the control and treatment groups in districts 
3, 9 and 11. 
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The above chart shows that all three treatment groups have much a higher supply rate and 
availability of open space per inhabitant than their respective control groups. This proves that 
stream daylighting in the three districts have increased the availability of the open space, and 
where stream sections are still in culverts, the supply rate of open space is highly unsatisfactory. 
4.4 Discussion and findings 
In chapter 2, evidence from the literature suggests that built form holds much potential in 
enhancing urban resilience. However, limited researchexplicitly focuses on analyzing urban form 
resilience for stream daylighting as an NbS. Taking this into account, this study aimed to draw 
from the connections between Kevin Lynch (1981)’s ‘fit’, and McHarg (1969)’s ‘fitting’, with 
urban form attributes to analyse the possible relationship between stream daylighting and urban 
form in building resilience. The following section expands on the results and explores the 
relationship between stream daylighting and urban form in enhancing urban resilience. 
4.4.1 Analyses at the district scale 
At the district scale, the physical properties of the three districts were examined in terms of 
compactness, diversity, and availability of urban open spaces. 
Intuitively, density is a good predictor of the pressure on urban landscapes in growing cities 
(Alberti, 2008). As one of the most studied variables of density, compactness is often recognized 
as a feature of sustainable city form (Burton, Jenks and Williams, 2003; Burgees, 2000; Sadowy, 
2016). To get a more holistic understanding of the nature of urban form in terms of clustering 
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and dispersion, Moran’s Index was used to compute the compactness of population and 
employment density in districts 3, 9 and 11. This measure of density involving the two variables 
gives an idea of the composition of urban form in terms of compactness. Furthermore, Hot spot 
analysis was conducted to determine the exact positioning of high and low clusters within the 
districts.  
The diversity/ mix of a settlement, often perplexed with density, is how different elements of a 
settlement such as land uses, building types, and lot sizes are mixed in space (Lynch, 1981). 
Transformation is a highly relevant concept for diversity due to constantly changing social, 
economic, and environmental contexts (Kostof, 1991; Norton, 2016). Land uses as an element of 
urban form is the most unstable as it is easily susceptible to change (Norton, 2016). The land use 
mix for the districts was analyzed using a modified version of Simpson’s Diversity Index for the 
three districts.  
Urban open spaces are vital elements in promoting urban resilience in cities. Availability of open 
spaces provides the city with a certain degree of freedom to accommodate future needs as and 
when they emerge (Allen et al., 2013; Liu et al., 2014; Sadowy, 2016). The availability of urban 
open space was calculated based on the offer of public open space in relation to the demand for 
public open space, which is defined by the number of inhabitants in the area. This specific 
formulation was used to determine the availability of urban open space in districts 3, 9 and 11.  
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Table 4.11 Summary of results at the district scale 
No. Indicator Variables District 3 District 9 District 11 
1 Density Compactness of 
population density 








Low clusters in 
daylighted 
stream area 
High clusters in 
daylighted 
stream area 






Low clusters in 
daylighted 
stream area 






2 Diversity Mix of land uses Fairly diverse 
(D = 3.34) 
Fairly diverse 
(D = 3.44) 
Fairly diverse 





Good supply of 
open space 
(102%) 








Table 4.11 presents the summary of results from the analyses conducted at the district scale. 
Findings indicate that, at District 3, population density is highly compact while the employment 
density has a sprawling form. Moreover, Hot Spot analyses show that the high cluster areas 
within the district are not present within the 500m buffer area of the daylighted stream section. 
Likewise, land uses in District 3 is fairly diverse, with a Diversity Index of 3.34 with a surplus 
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supply of urban open space with over 8.2 m2 of open space available per inhabitant in the 
district. While the district is highly compact, the specific high clusters are not found in close 
proximity to the daylighted sections of the stream. Thus, the urban form in the district is fairly 
compact with a high cluster of population density and a low cluster of employment density, 
while the land uses are fairly diverse with a surplus of urban open spaces in the district. This 
combination of moderate levels of compactness along with a fair mix of land uses, and a good 
supply of urban open space supports the claims of resilient urban form.  
At District 9, population density and employment density are highly compact and fairly compact, 
respectively, with the high clusters of population and employment found close to the daylighted 
sections of the stream. Similar to District 3, District 9 also supports a fairly diverse mix of land 
uses with a good supply of urban open space with 6.7 m2 of open space available per inhabitant. 
Even though the densities are highly compact in the district, this compactness, along with a 
moderate mix of land uses, and a good supply of open space, supports the notion of resilient 
urban form.  
At District 11, population and employment density is relatively compact, with some high clusters 
of employment density found in the 500m daylighted buffer area of the stream. Similar to 
District 3 and District 9, District 11 has a moderate mix of land uses. However, urban open 
spaces in the district are undersupplied with only 4m2 of public open space available per 
inhabitant in the district. This is, however, due to the presence of a large forest area in the middle 
of the district. The combination of moderate levels of compactness with a fair mix of land uses, 
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and a satisfactory supply of urban open space denotes that the district’s overall composition of 
urban form in the district is fairly resilient.  
Thus, to summarize, this analysis at the district scale allows for a more just interpretation of the 
unique composition of urban form in the three districts, which in turn permits for a holistic 
interpretation of the results for the variables at the local scale. 
4.4.2 Analyses at the local scale  
From the results of district-scale analyses, it is evident that the three districts have a fairly 
resilient composition of urban form. However, to determine if stream daylighting impacted the 
resilience of urban form, local scale analyses of the urban form attributes such as population 
density, employment density, diversity of land uses, a mix of lot sizes and the availability of 
urban open space is calculated for the areas surrounding daylighted sections of the stream and 
culverted sections of the stream. In addition, construction activity is also compared between the 
two areas. A 500m buffer along either side of the culverted section of the stream (considered the 
“control group”) and the daylighted section of the stream (considered the “treatment group”) is 
considered to examine the correlation between urban form attributes and stream daylighting.  
For the density analyses, first, a Chi-square test for independence was conducted for population 
and employment density and the means were compared between the two groups. Then, the 
results were interpreted to check if the densities in the treatment group are more than the 
densities in the respective control groups to see if daylighting contributes to increased densities 
 
109 
in the area. Furthermore, construction activity was compared between the two groups to see if 
daylighting promoted construction activity in the area. 
For the analysis of diversity, Simpson’s Diversity Index was used to compare land use mix in the 
control group and the treatment group. In addition, the mix of lot sizes was also analyzed 
between the control group and the treatment group to check for power-law relation. Mixture of 
lot sizes effectively promote mixed-use development, which in turn enhances the flexibility and 
resilience of urban form to permit incremental change and adaptation (Tuura, 2014, Sharifi, 
2019). 
Similarly, the availability of urban open spaces was compared between the control group and the 
treatment group for each district to see if the treatment group supported more open spaces than 
their respective control groups. Table 4.12, 4.13 and 4.14 summarizes the results for the 
variables at the local scale in districts 3, 9 and 11, respectively. 
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Table 4.12 Summary of local scale analyses of the variables in District 3 
District 3 
No. Variable Control group Treatment group 
1 Population 
density 
• Higher mean (108 
persons/Ha) 
• Low clusters 
• Low-medium densities 
• Lower mean (90 persons/Ha) 
• Low clusters 
• Low-medium densities 
2 Employment 
density 
• Higher mean (179 
employees/ha) 
• High clusters 
• Low-medium densities 
• Lower mean (105 
employees/Ha) 
• Low clusters 
• Low-medium densities 
3 Construction 
activity 
Decrease in construction activity 
from 15.4% in 1976-2000 to 
7.7% after 2000 
Increase in construction activity 
from 5.3% in 1976-2000 to 26.4% 
after 2000, corresponding the year 
the stream was daylighted 
4 Diversity of 
land uses 
Higher diversity of land uses  
(D = 2.8) 
Lower diversity of land uses  




Lot sizes follow power-law 
relation. 
(R2 = 98.7%) 
Lot sizes follow power-law relation. 
(R2 = 93.7%) 
6 Urban open 
space 
Very low supply of open space 
with only 2.2 m2 available per 
inhabitant at 28% supply rate 
Very high supply of urban open 
space with 30 m2 available per 
inhabitant at 375% supply rate 
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Table 4.13 Summary of local scale analyses of the variables in District 9 
District 9 
No. Variable Control group Treatment group 
1 Population 
density 
• Higher mean (140 
persons/Ha) 
• High clusters 
• Low-medium densities 
• Lower mean (110 persons/Ha) 
• High clusters 
• Low-medium densities 
2 Employment 
density 
• Higher mean (137 
employees/ha) 
• High clusters 
• Low-medium densities 
• Lower mean (74 employees/Ha) 
• High and low clusters 
• Low-medium densities 
3 Construction 
activity 
Decrease in construction activity 
from 12.3% in 1976-2000 to 
11.3% after 2000 
Increase in construction activity 
from 13% in 1976-2000 to 16.4% 
after 2000, corresponding the year 
the stream was daylighted 
4 Diversity of 
land uses 
Lower diversity of land uses  
(D = 2.3) 
Higher diversity of land uses  




Lot sizes follow power-law 
relation. 
(R2 = 99.2%) 
Lot sizes follow power-law relation. 
(R2 = 99.6%) 
6 Urban open 
space 
Very low supply of open space 
with only 0.4 m2 available per 
inhabitant at 5% supply rate 
High supply of urban open space 
with 7.7 m2 available per inhabitant 




Table 4.14 Summary of local scale analyses of the variables in District 11 
District 11 
No. Variable Control group Treatment group 
1 Population 
density 
• Lower mean (75 persons/Ha) 
• Low clusters 
• Low-medium densities 
• Higher mean (92 persons/Ha) 
• Low clusters 
• Low-medium densities 
2 Employment 
density 
• Lower mean (18 
employees/ha) 
• Low clusters 
• Low-medium densities 
• Higher mean (203 
employees/Ha) 
• High clusters 
• Low-medium densities 
3 Construction 
activity 
Slight increase in construction 
activity from 9.8% in 1976-2000 
to 10.5% after 2000 
Decrease in construction activity 
from 20.2% in 1976-2000 to 13.7% 
after 2000 
4 Diversity of 
land uses 
Lower diversity of land uses  
(D = 2.2) 
Higher diversity of land uses  




Lot sizes follow power-law 
relation. 
(R2 = 99.4%) 
Lot sizes follow power-law relation. 
(R2 = 98.4%) 
6 Urban open 
space 
Very low supply of open space 
with only 0.6 m2 available per 
inhabitant at 8% supply rate 
Very high supply of urban open 
space with 13.4 m2 available per 





In District 3, the treatment group’s average population and employment densities are 
comparatively lower than the observed average within the control group. However, none of the 
high clusters of population density was found in the control group, while low clusters of 
population and employment density were found in the treatment group. Additionally, a steep 
increase in construction activity was observed in the treatment group from 5.3% during the years 
1976-2000 to 26.4% after the year 2000, corresponding to the year the stream Friesenbergbach 
was daylighted. Also, Simpson’s Diversity Index within the control group was slightly higher at 
2.8 compared to 2.6 within the treatment group. The mixture of lot sizes within both the control 
and treatment group follows a power-law function. Furthermore, a very high supply of urban 
open space was observed in the treatment group compared to the control group.  
In District 9, the control group had a higher average of population and employment densities 
than the treatment group, while a high cluster of population and employment density is found 
within both the control and treatment groups. Similar to District 3, there was an increase in 
construction activity in the treatment group, from 13% between the years 1976-2000 to 16.4% 
after 2000, corresponding to the year the stream Albeisreider Dorfbach was daylighted. A higher 
diversity of land uses was observed within the treatment group than the control group, and the lot 
sizes between the control and treatment group followed the power-law function. Additionally, 
similar to District 3, the treatment group within District 9 has a very high supply of urban open 
space than the control group. 
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In District 11, unlike districts 3 and 9, a higher mean of population and employment density was 
observed, along with a higher diversity of land uses within the treatment group compared to the 
control group. In contrast, the construction activity increased in the control group from 9.8% to 
10.5%, while it decreased in the treatment group from 20.2% to 13.7%. However, similar to 
districts 3 and 9, a very high supply of urban open space was observed within the treatment 
group than the control group. 
4.5 Summary  
In summary, only one district had higher population and employment densities within the 
daylighted stream area, whereas two of the three districts had a higher diversity of land uses 
within the daylighted stream areas. Similarly, an increase in construction activity was observed 
in two off the three districts studied. However, all the daylighted stream areas support very high 
percentages of urban open space available for its inhabitants compared to their respective 
culverted stream sections, which contributes to climate resilience. Thus, there is evidence that in 
the variables observed, daylighting supports moderate levels of density and diversity around 
areas surrounding daylighted sections of the stream with a very high supply of urban open space.  
4.5.1 Resilience, ‘fit’, and stream daylighting 
Meerow et al. (2016) suggest three dynamic pathways to a resilient state, namely, persistence, 
transition, and transformation, in their definition of urban resilience. Persistence is the ability to 
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resist disturbance and maintain functions, whereas transition is incremental adaptation, and 
transformation is the ability to fundamentally and purposefully change or transform (ibid).  
The study had its foundations in two major theories: ‘fit’ and ‘fitting’, in building urban form 
resilience for nature-based solutions. Lynch (1981) defines ‘fit’ as the match between urban form 
and human behavioural patterns, whereas McHarg (1969) defines ‘fitting’ as the match of natural 
processes preserved in open space and the pattern of urban development. Moreover, Lynch 
identifies adaptability, manipulability, and resilience as the indicators of ‘fit’. These two 
concepts combined are highly relevant to climate adaptation because they allow for 
“transformative” and “progressive” change in relation to urban landscapes.  
Accordingly, the results show that stream daylighting in Zürich has contributed to urban form 
resilience through the combination of transition and transformation, allowing for incremental 
adaptation, while also transforming the space to be more resilient. While urban form has the 
potential to lock in negative or undesired trajectories, results from Zürich prove that stream 
daylighting can eliminate risks from climate change and further enhance the resilience of urban 
form. 
Density is a good predictor of the pressure on urban landscapes in growing cities (Alberti, 2008). 
Additionally, compact and walkable neighbourhoods reduce the amount of time required to 
transport people, goods, and materials and positively influences climate adaptability (Elkin, 
McLaren, and Hillman, 1991; Jabareen, 2006; Guan, 2017), but there is no optimal density 
threshold for climate adaptation since it varies for different cities and context. However, 
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moderate density combined with mixed-use zoning and a good supply of urban open space are 
considered more resilient. As such, the urban form in the daylighted stream areas is more 
adaptable than in the culverted stream areas, supporting moderate density with a good mix of 
land uses.  
In addition, daylighted areas have access to more urban space in comparison to the culverted 
stream areas. The presence of urban open spaces is crucial in micro-climate regulation (Chen et 
al., 2017), reducing air pollution, and minimizing urban heat island effect (Nowak, 1994; Alberti, 
1999), which are effective climate adaptation strategies. Moreover, an oversupply of open space 
provides freedom to accommodate new needs as they arise (Allen et al., 2013; Leon and March, 
2014), which enhances the manipulability, thereby positively affecting climate resilience. 
Together, my findings suggest that stream daylighting in the city of Zürich has enhanced the ‘fit’ 
of urban form and urban landscapes to be more adaptable, manipulable, and resilient, enabling 
incremental adaptation and transformation in the face of climate change.   
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Chapter 5: Conclusion 
Urban sustainability does not depend on physical form alone. Considerable shifts in attitudes and 
behaviour are also required. Nevertheless, expectations about the magnitude of urban form’s 
influence on building urban resilience are high. It has been estimated that 70% of delivered 
energy is subject to the influence of land use planning (Barton, 1990). Manipulating land uses 
and forms is seen as a valuable method of achieving sustainability in cities.  
This research aimed to explore the relationship between stream daylighting and urban form in 
enhancing climate resilience in the City of Zürich. Accordingly, the main objective was to 
establish an empirical connection between compactness, density, diversity, and the provision of 
urban open spaces concerning stream daylighting. This study took an experimental approach to 
analyze the built form of the City of Zürich following the implementation of ‘Bachkonzept’ or 
‘stream concept’ for daylighting. Based on the quantitative analysis of urban form, it can be 
concluded that there is a positive correlation between built form and stream daylighting in 
improving the overall resilience. The results indicate the potential of stream daylighting to 
improve and build more compact and diverse settlement patterns in addition to providing nature 
in the city. 
The study’s theoretical framing combines Lynch’s (1981) ‘fit’ dimension and McHarg’s (1969) 
‘ecological fitting’ to draw inferences with respect to physical city form. The study used feature-
based urban form attributes such as density, diversity/grain, and supply of urban open space to 
determine if the urban form in the daylighted areas in Zürich was adaptable, manipulable, and 
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resilient. These variables were applied to analyze the built form characteristics in the daylighted 
areas at two scales, the district and the local scales, for districts 3, 9 and 11 using geospatial and 
statistical tools. The following chapter revisits the thesis findings and discusses the contributions 
and recommendations for future research. 
This research aimed to answer the research question: “how do the urban form characteristics 
differ between daylighted and culverted sections of the stream? Can daylighting be used as a 
stimulus to enhance the urban resilience of the built environment in daylighted cities?”. Findings 
suggest that stream daylighting in the city of Zürich has paved the way for a resilient 
environment to cope with climatic uncertainties by reducing the risk of vulnerabilities and 
exposure. The urban form in districts 3, 9 and 11 is compact, diverse, and manipulable with a 
good supply of urban open spaces. Further, areas surrounding daylighted sections of the stream 
are more resilient than the areas surrounding culverted sections of the stream. This highlights the 
importance of monitoring and assessing urban form in changing natural processes. Moreover, the 
provision of more open spaces through stream daylighting as a nature-based solution must be 
considered a significant driver of urban change. Stream daylighting provides a new way of 
defining open spaces without compromising the needs of the growing population in terms of 
compactness and diversity.  
Together, stream daylighting in Zürich has led to an adaptable, manipulable, and resilient city 
form, emphasizing the need to monitor built form in relation to Nature-based solutions. In 
addition, this research also addresses the gap in the literature for analyzing built form in relation 
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to stream daylighting as a Nature-based solution. These confirm the hypothesis of the thesis that 
daylighting has major potential in enhancing the resilience of built form in addition to providing 
the many ecosystem services and in bringing nature back to the cities. 
While this research clearly illustrates the relationship between stream daylighting and urban 
form, it also raises the question of how urban form can be better planned to accommodate higher 
densities and future growth, capitalizing on the potential that NbS have in strengthening urban 
resilience. The methods used in this research provide new insight into analyzing and monitoring 
the built environment with respect to stream daylighting as an NbS to enhance the potential of 
stream daylighting in building resilience. Since the methods used in this research are secondary 
data sources, it allows for generalizability of the results and can be easily mirrored to similar 
studies to investigate the relationship between Nature-based solutions and built form. Future 
studies can also compare the urban form of daylighted districts in Zürich with other daylighted 
projects across cities and scales to check if daylighting enhanced the urban resilience in those 
cities and if daylighting when perceived as a city-wide policy measure can lead to a more 
resilient and organic urban form than one-off daylighted projects, such as Cheonggyecheon in 
Seoul. 
Based on the conclusions, practitioners should consider the potential stream daylighting could 
have to support higher densities and diversities in urban settlements in addition to increased blue-
green cover in the city. To better understand the implications of these results, future studies 
could address how densities and diversities have changed over time along the sections of 
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daylighted streams to get a more detailed outlook of how the urban form has evolved in the event 
of stream daylighting. Future studies could also include field observations and qualitative data 
from the site, including interviews with different actors and agents, such as city planners and 
residents responsible for and using the spaces on a daily basis to get more accurate results. 
Besides, this research only focused on the ‘fit’ dimension for evaluating the urban resilience of 
NbS. Future research can accommodate other dimensions such as vitality and access to better 
understand the city’s physical form and its relation to urban resilience. 
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